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Introduction 

Osteoporosis,  or  reduced  bone  mass,  is  a  metabolic  bone  disease  that  affects  millions  of  people  including  many  of 
our  service  women  and  men  now  in  the  Armed  Forces  and  VA  patients  in  the  United  States.  It  causes  a  significant 
amount  of  morbidity  and  mortality  in  patients  and  is  often  diagnosed  after  a  fracture  occurs.  Reducing  the  risk  of 
osteoporotic  and  associated  fractures  of  these  patients  will  greatly  improve  their  life  quality  and  survival.  Parathyroid 
hormone  (PTH)  is  the  most  potent  anabolic  treatment  of  osteoporosis  currently  available.  It  not  only  dramatically 
improves  bone  mass,  but  also  restores  bone  microarchitecture  and  increases  bone  diameter.  All  of  these  mechanisms 
contribute  to  increasing  bone  strength  and  reducing  the  risk  for  fractures.  However,  the  molecular  mechanisms 
whereby  PTH  increases  bone  mass  are  not  well  understood  and  are  the  focus  of  the  experiments  of  this  proposal. 
This  study  was  designed  to  (1)  determine  the  mechanism  whereby  PTH  regulates  ATF4  transcriptional  activity  (2) 
establish  whether  the  anabolic  actions  of  PTH  require  ATF4  in  vivo.  Studies  determine  if  ATF4  is  required  for  the 
anabolic  actions  of  PTH  in  vivo  using  ATF4-deficient  mice.  PTH  anabolic  activity  is  evaluated  in  wild  type  and  Atff 
mice.  PTH  effects  are  measured  using  standard  biochemical  and  histomorphometric  criteria. 

Body 

Task  1:  To  determine  the  mechanism  by  which  PTH  regulates  ATF4  transcriptional  activity  (1-36  months). 

1)  Establish  that  ATF4  is  a  novel  downstream  target  of  PTH  actions  in  cultured  osteoblasts  (PI). 

In  order  to  determine  the  role  of  ATF4  in  PTH  actions  in  osteoblasts,  we  examined  effects  of  PTH  on  ATF4 
expression  and  activity  as  well  as  the  requirement  for  ATF4  in  the  regulation  of  Ocn  by  PTH  (see  PI).  PTH  elevated 
levels  of  ATF4  mRNA  and  protein  in  a  dose  and  time-dependent  manner  (PI -Fig.  1A-C).  This  PTH  regulation 
requires  transcriptional  activity,  but  not  de  novo  protein  synthesis  (PI -Fig.  2A  and  B).  PTH  also  increased  binding  of 
nuclear  extracts  to  OSE1  DNA  (PI -Fig.  4A-C).  PTH  stimulated  ATF4-dependent  transcriptional  activity  mainly 
through  PKA  with  a  lesser  requirement  for  PKC  and  MAPK/ERK  pathways  (PI -Fig.  5A-C).  PTH  stimulation  of  Ocn 
expression  was  lost  by  siRNA  downregulation  of  ATF4  in  MC-4  cells  (PI -Fig.  6A  and  C)  and  in  Atf4~'~  bone  marrow 
stromal  cells  (BMSCs)  (PI -Fig.  1C).  Collectively,  these  studies  for  the  first  time  demonstrate  that  PTH  increases 
ATF4  expression  and  activity  and  that  ATF4  is  required  for  PTH  induction  of  Ocn  expression  in  osteoblasts.  Thus, 
ATF4  is  a  novel  downstream  target  of  PTH  actions  in  osteoblasts. 

2)  Define  a  novel  molecular  mechanism  through  which  ATF4  activates  osteocalcin  gene  expression  in  osteoblasts 

(P2). 

We  defined  a  novel  molecular  mechanism  mediating  ATF4-Runx2  interactions  (see  P2).  We  identified 
general  transcription  factor  IIAy  (TFIIAy)  as  a  Runx2-interacting  factor  in  a  yeast  two-hybrid  screen. 
Immunoprecipitation  assays  confirmed  that  TFIIAy  interacted  with  Runx2  in  osteoblasts  and  when  coexpressed  in 
COS-7  cell  or  using  purified  GST-fusion  proteins  (P2-Fig.  1A-C).  Chromatin  immunoprecipitation  (ChIP)  assay  of 
MC3T3-E1  (clone  MC-4)  preosteoblast  cells  showed  that  in  intact  cells  TFIIAy  was  recruited  to  the  region  of  the 
osteocalcin  promoter  previously  shown  to  bind  Runx2  and  ATF4  (P2-Fig.  2).  A  small  region  of  Runx2  (aa  258-286) 
was  found  to  be  required  for  TFIIAy  binding  (P2-Fig.  ID).  While  TFIIAy  interacted  with  Runx2,  it  did  not  activate 
Runx2  (P2-Fig.  3A  and  B).  Instead,  TFIIAy  bound  to  and  activates  ATF4  (P2-Fig.  3C-H).  Further,  TFIIAy  together 
with  ATF4  and  Runx2  stimulated  osteocalcin  promoter  activity  (P2-Fig.  5B)  and  endogenous  mRNA  expression 
(P2-Fig.  5A).  siRNA  silencing  of  TFIIAy  markedly  reduced  levels  of  endogenous  ATF4  protein  and  Ocn  mRNA  in 
osteoblastic  cells  (P2-Fig.  6).  Overexpression  of  TFIIAy  increased  levels  of  ATF4  protein  (P2-Fig.  7).  TFIIAy 
significantly  prevented  ATF4  degradation  (P2-Fig.  8).  Thus,  TFIIAy  functions  as  a  bridging  protein  linking  ATF4 
and  Runx2.  Interestingly,  our  preliminary  studies  (not  shown)  show  that  PTH  increases  ATF4-Runx2  interaction  as 
measured  co-immunoprecipitation  assays. 
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1)  Establish  a  role  for  ATF 4  in  regulating  osteoblast  proliferation  and  survival  in  vitro  and  in  bones  (P3  and  P5). 

In  order  to  determine  the  mechanism  where  ATF4  regulates  osteoblast  activity,  we  examined  the  effects  of 
ATF4  on  osteoblast  proliferation  and  survival  (see  P3  and  P5).  As  shown  in  P3-Fig.  IB,  the  number  of  osteoblast 
precursor  colonies  (i.e.,  CFU-OBs)  was  significantly  decreased  in  Atf4~f~  mice  compared  to  wt  mice.  This  decrease 
could  be  explained  by  a  cell-autonomous  defect  in  proliferation  and/or  survival  or  could  be  secondary  to  an  impaired 
bone  microenvironment  due  to  ATF4  deficiency.  To  differentiate  these  possibilities,  we  conducted  MTS  and  [3H] 
thymidine  incorporation  assays.  Results  from  MTS  assay  showed  that  ATF4-deficient  cells  grew  at  significantly 
reduced  rates  compared  to  wt  cells  (P3-Fig.  1C).  This  result  was  further  confirmed  by  the  [’H]  thymidine 
incorporation  assays  showing  that  [3H]  thymidine  incorporation  into  the  DNA  of  Atfif bone  marrow  stromal  cells 
(BMSCs)  was  decreased  by  4-fold  compared  to  values  in  wt  cells  (P3-Fig.  ID).  We  next  determined  if  ATF4  is 
required  for  osteoblast  proliferation  in  vivo  using  6-wk-old  wt  and  Atf4~ A  mice  that  were  injected  with 
bromodeoxyuridine  (BrdU)/fluorodeoxyuridine  (FdU)  4  h  before  sacrifice.  10-pm  sections  of  calvariae  were 
obtained,  and  proliferating  cells  from  the  periosteal  surface  were  counted  and  normalized  to  total  cells  from  the  same 
area.  In  wt  calvariae,  periosteal  osteoblasts  proliferated  very  actively  with  60%  of  the  total  cells  being  BrdU-positive 
(P3-Fig.  2A).  In  contrast,  the  percent  BrdU-positive  osteoblasts  were  significantly  reduced  in  Atf4~/~  calvariae  (P3- 
Fig.  2  B  and  C).  Thus,  ATF4  is  required  for  the  proliferation  of  BMSCs  or  osteoblasts  both  in  vitro  and  in  vivo.  As 
shown  in  P3-Fig.  3,  ATF4-deficient  cells  showed  a  significant  decrease  in  the  cell  distribution  into  both  S  and  G2/M 
phases  (32%  and  45%  change,  respectively)  when  compared  with  values  of  wt  control  cells.  In  contrast,  the  fraction 
of  the  cells  in  G1  was  not  reduced  by  ATF4  deficiency.  The  protein  level  of  cyclin  D1  was  markedly  decreased  in 
Atf4~'~  cells  relative  to  wt  control  (P3-Fig.  4A).  Quantitative  real-time  RT/PCR  analysis  shows  that  the  level  of  cyclin 
D1  mRNA  was  reduced  by  52%  in  Atf4~/~  cells  compared  to  values  in  wt  controls  (P3-Fig.  4B).  ATF4  is  also  required 
for  the  proliferation  of  the  pre-osteoblast  cell  line  (MC-4  cells)  as  demonstrated  by  siRNA  experiments  (P3-Fig.  5). 
Furthermore,  overexpression  of  ATF4  significantly  increased  the  level  of  cyclin  D1  protein  as  well  as  cell 
proliferation  (P3-Fig.  6  and  7).  Taken  together,  these  results  clearly  establish  that  ATF4  increases  cell  proliferation 
probably  via  promoting  the  expression  of  cyclin  D1  and  cell  cycle  progression. 

We  also  found  that  ATF4  is  critical  for  osteoblast  survival.  The  numbers  of  apoptotic  cells  including  those 
with  shrinking  cytoplasm  and  chromatin  condensation  (early  apoptosis)  and  DNA  fragmentation  (late  apoptosis) 
were  increased  greater  than  5-fold  in  Atf4~/~  BMSCs  compared  to  wt  cells  (P3-8A-C).  To  confirm  this  finding,  wt  and 
Atf4~'~  BMSCs  were  stained  using  the  ApopTag  Peroxidase  In  Situ  Apoptosis  Detection  Kit,  a  modified  TUNEL 
staining  that  measures  DNA  fragmentation  in  situ.  As  shown  in  P3-Fig.  8D-F,  the  percent  apoptotic  cells  in  Atf4~'~ 
BMSCs  were  increased  by  1.6-fold  when  compared  to  wt  cells.  To  determine  if  ATF4  deficiency  increases  osteoblast 
apoptosis  in  vivo,  10-pm  calvarial  sections  from  wt  and  Atf4~/~  mice  were  obtained  and  stained  using  the  same  kit. 
Apoptotic  cells  that  stained  brown  on  the  periosteal  surface  of  calvariae  were  counted  and  normalized  to  total  cells  of 
the  same  periosteal  surface.  As  shown  in  P3-Fig.  8G-I,  a  significant  increase  in  apoptosis  was  found  in  Atf4~/~  mice 
compared  to  wt  controls.  Thus,  ATF4  protects  osteoblasts  from  apoptosis  under  physiological  condition. 

To  define  the  mechanism  whereby  ATF4  regulates  osteoblast  function  and  bone  formation,  we  further 
determined  whether  ATF4  plays  a  role  in  PTH  regulation  of  osteoblast  proliferation  in  the  presence  and  absence  of 
PTH  in  vivo.  Sections  of  tibiae  and  calvariae  from  wt  and  Atf4~'~  mice  treated  with  and  without  intermittent  PTH  were 
analyzed  for  in  vivo  cell  proliferation  using  a  Zymed  BrdU  immunostaining  kit.  As  shown  in  Fig  4A,  B,  and  E  (P5), 
in  wt  mice,  PTH  increased  the  percentage  of  proliferating  osteoblasts/preosteoblasts  of  tibial  trabeculae  by  2.8-fold 
relative  to  vehicle-treated  control.  Ablation  of  the  Atf4  gene  resulted  in  a  50%  decline  in  basal  proliferation.  In 
addition,  the  PTH-stimulated  increase  in  proliferation  was  decreased  by  40  percent  (Fig  4C-E,  P5).  Similarly,  PTH- 
induced  proliferation  in  calvarial  periosteal  osteoblasts  was  also  significantly  reduced  by  ATF4  deficiency  (Fig  4F-J, 
P5).  Therefore,  ATF4  is  critical  for  both  basal  and  PTH-stimulated  proliferation  of  osteoblasts/preosteoblasts  in  vivo. 

Mature  osteoblasts  synthesize  and  deposit  a  mineralizing  extracellular  matrix  and  become  osteocytes.  Both 
osteoblasts  and  osteocytes  can  be  lost  through  apoptosis.  PTH  signaling  increases  the  survival  of  osteoblasts  and 
osteocytes  by  reducing  apoptosis.  ATF4  is  anti-apoptotic  in  osteoblasts  as  described  above.  To  determine  whether 
ATF4  plays  a  role  in  PTH-mediated  anti-apoptosis,  sections  of  tibiae  were  stained  with  TUNEL  and  apoptotic  cells 
were  assessed.  As  shown  in  Fig  4K  and  L  (P5),  ATF4  deficiency  significantly  increased  the  basal  levels  of  apoptosis. 
As  expected,  PTH  dramatically  reduced  apoptotic  death  of  tibial  trabecular  osteoblasts/osteocytes  by  48  percent. 
Importantly,  the  PTH-stimulated  decrease  in  apoptotic  death  was  completely  abolished  in  Atf4~/~  trabeculae  (Fig  4M- 
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O,  P5).  ATF4  was  similarly  required  for  PTH  to  inhibit  apoptosis  in  cortical  osteocytes  of  tibiae  (Fig  4P,  P5). 
Collectively,  ATF4  is  essential  for  PTH-mediated  inhibition  of  apoptosis  in  osteoblasts/osteocytes  in  vivo. 

4)  ATF4  is  essential  for  PTH  to  increase  osteoblast  differentiation  in  vivo  (P5). 

We  determined  the  effects  of  ATF4  deficiency  on  PTH  induction  of  osteoblast  differentiation  markers  in  vivo. 
Total  RNA  was  isolated  from  tibiae  of  wt  and  A  iff'  mice  treated  with  and  without  PTH  for  28  d  and  expression 
levels  of  osteoblast  differentiation  marker  genes  were  measured  by  quantitative  real-time  PCR  analysis.  As  shown  in 
Fig  5A  (P5),  PTH  dramatically  increased  the  expression  of  genes  known  to  be  associated  with  osteoblast 
differentiation  including  osteocalcin  ( Ocn ),  bone  sialoprotein  { Bsp ),  alkaline  phosphatase  {Alp),  al(I)  collagen 
{Coll (I)),  osteopontin  {Opn),  and  osterix  { Osx ).  Importantly,  this  PTH  regulation  was  either  dramatically  reduced  or 
completely  abolished  in  Atf4~' '  tibiae.  In  contrast,  c-Fos  and  c-Jun,  both  early  PTH-induced  genes,  were  not  induced 
by  PTH  in  either  wt  or  Atf4~/~  tibiae. 

5)  ATF4  is  a  novel  upstream  transcriptional  activator  of  osterix  (Osx),  a  key  factor  for  osteoblast  differentiation  and 
bone  formation  (P5). 

To  address  the  molecular  mechanism  whereby  PTH  promotes  osteoblast  differentiation,  we  measured  the 
expression  of  Osterix  (Osx)  and  Runx2  proteins,  two  critical  transcription  factors  that  regulate  osteoblast 
differentiation.  We  used  immunohistochemistry  (IHC)  to  measure  Osx  in  the  tibiae  and  calvariae  of  wt  and  Atf4 ‘A 
mice  with  or  without  28  d  anabolic  PTH  treatment.  As  shown  in  Fig  6  (P5),  in  wt-vehicle-treated  tibiae,  Osx-positive 
osteoblasts  were  only  identified  in  the  trabeculae  and  cortical  endosteum  close  to  the  growth  plate  (Fig  6A1,  Bl,  and 
Dl,  P5)  and  were  almost  undetectable  in  the  same  regions  close  to  the  marrow  (Fig  6C1,  P5),  indicating  that  cells  in 
these  areas  are  still  in  the  immature  (preosteoblast)  state.  In  contrast,  in  the  wt-PTH  group,  Osx-positive  osteoblasts 
were  identified  on  all  surfaces  of  trabeculae  and  endosteum  throughout  the  tibia.  PTH  increased  the  total  number  of 
Osx-positive  cells  per  tibial  section  by  3.2-fold  in  wt  mice  (Panel  2).  ATF4  deficiency  reduced  the  numbers  of  Osx- 
positive  cells  by  50  percent  (Panel  3).  Strikingly,  PTH  failed  to  elevate  the  numbers  of  Osx-positive  cells  in  Atf4~/' 
tibiae.  Similar  results  were  obtained  in  calvariae  (Fig  6E,  P6).  The  IHC  staining  was  highly  specific  since  no  signal 
was  detected  in  the  IgG  control  group  (Panel  5),  in  which  Osx  antibody  was  omitted. 

To  define  the  mechanism  whereby  ATF4  regulates  Osx,  we  examined  the  effect  of  ATF4  overexpression  on 
the  expression  of  Osx,  a  key  transcription  factor  for  osteoblast  differentiation,  in  MC-4  preosteoblast  cells.  As  shown 
in  Fig  7A  (P5),  ATF4  dose-dependently  increased  levels  of  Osx  protein  (top)  and  mRNA  (bottom).  We  next 
examined  whether  ATF4  up-regulates  Osx  by  increasing  gene  transcription  by  using  a  -1003/+68  mouse  Osx 
promoter  (Fig  7B,  P5).  Using  COS-7  cells,  which  lack  detectable  Runx2,  ATF4  had  comparable  activity  to  Runx2  in 
terms  of  its  ability  to  activate  promoter  activity  (approx.  1.8-fold).  Together,  ATF4  and  Runx2  maximally  activated 
the  Osx  promoter  (3.2-fold  induction).  To  further  define  the  region  of  the  Osx  promoter  necessaiy  for  ATF4 
responsiveness,  several  constructs  containing  various  deletion  mutants  of  the  mouse  Osx  promoter  were  transiently 
transfected  into  COS-7  cells  with  and  without  an  ATF4  expression  plasmid.  Results  showed  that  luciferase  activity 
of  both  control  and  ATF4-transfected  groups  decreased  with  progressively  larger  5'  deletions.  However,  ATF4 
stimulation  was  abrogated  when  a  132-bp  region  between  bp  -215  to  -83  was  deleted  (Fig  7C,  P5).  A  putative  ATF4- 
binding  sequence  (CTTCCTCA)  at  -201/- 194  bp  was  identified  in  this  region  by  using  a  TRANSFAC  retrieval 
program.  Introduction  of  a  3-bp  substitution  mutation  to  this  core  sequence  (from  CTTCCTCA  to  CTTgtaCA) 
completely  abolished  ATF4  activation  (Fig  7D,  P5).  As  shown  in  Fig  7E  (P5),  a  DNA  oligo  probe  from  the  Osx 
promoter  that  contains  the  TTACATCA  core  sequence  bound  to  a  factor(s)  in  nuclear  extracts  from  COS-7  cells 
transfected  with  an  ATF4  expression  vector.  Importantly,  this  binding  (see  arrow)  was  dramatically  reduced  by  the 
addition  of  a  specific  antibody  against  ATF4  but  not  by  normal  control  IgG  or  antibodies  against  cFos  (an  API 
family  member)  or  ATF2. 

6)  Identification  and  characterization  of  Erk/MAPK  phosphorylation  sites  in  Runx2  (P4). 

We  used  a  combination  of  in  vitro  and  in  vivo  phosphorylation  analysis,  mass  spectroscopy  and  functional 
assays  to  identify  two  sites  at  S301  and  S3 19  within  the  proline/serine/threonine  domain  of  Runx2  that  are  required 
for  MAPK  regulation.  These  sites  are  phosphorylated  by  activated  Erkl  in  vitro  and  in  cell  culture.  In  addition  to 
confirming  Erk-dependent  phosphorylation  at  S3 19,  mass  spectroscopy  identified  two  other  Erk-phosphorylated  sites 
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at  S43  and  S510.  Furthermore,  introduction  of  S301,319A  mutations  rendered  Runx2  resistant  to  MAPK-dependent 
activation  and  reduced  its  ability  to  stimulate  osteoblast-specific  gene  expression  and  differentiation  after 
transfection  into  Runx2-null  calvarial  cells  and  mesenchymal  cells.  In  contrast,  S301,319E  Runx2  mutants  had 
enhanced  transcriptional  activity  that  was  minimally  dependent  on  MAPK  signaling,  consistent  with  the  addition  of  a 
negative  charge  mimicking  serine  phosphorylation.  These  results  emphasize  the  important  role  played  by  Runx2 
phosphorylation  in  the  control  of  osteoblast  gene  expression  and  provide  a  mechanism  to  explain  how  physiological 
signals  acting  on  bone  through  the  ERK/MAPK  pathway  can  stimulate  osteoblast-specific  gene  expression.  It  is 
likely  that  PTH  signaling  impacts  osteoblast  function,  at  least  in  part,  via  ERK/MAPK-dependent  phosphorylation  of 
Runx2,  an  ATF4-interacting  factor  in  osteoblasts. 

7)  Establish  that  Foxol  mediates  IGFl/insulin  regulation  of  osteocalcin  expression  by  antagonizing  Runx2  in 
osteoblasts  (P7). 

We  determined  the  molecular  mechanisms  whereby  forkhead  transcription  factor  Foxol,  a  key  downstream 
signaling  molecule  of  insulin-like  growth  factor  1  (IGFl)/insulin  actions,  regulates  Runx2  activity  and  expression  of 
the  mouse  osteocalcin  gene  2  (Bglap2)  in  osteoblasts  in  vitro.  We  showed  that  Foxol  inhibited  Runx2-dependent 
transcriptional  activity  and  osteocalcin  mRNA  expression  and  Bglap2  promoter  activity  in  MC-4  preosteoblasts.  Co- 
immunoprecipitation  assay  showed  that  Foxol  physically  interacted  with  Runx2  via  its  C -terminal  region  in 
osteoblasts  or  when  co-expressed  in  COS-7  cells.  Electrophoretic  mobility  shift  assay  demonstrated  that  Foxol 
suppressed  Runx2  binding  to  its  cognate  site  within  the  Bglap2  promoter.  IGF1  and  insulin  prevented  Foxol  from 
inhibiting  Runx2  activity  by  promoting  Foxol  phosphorylation  and  nuclear  exclusion.  In  contrast,  a  neutralizing 
anti-IGFl  antibody  decreased  Runx2  activity  and  osteocalcin  expression  in  osteoblasts.  Chromatin 
immunoprecipitation  assay  revealed  that  IGF1  increased  Runx2  interaction  with  a  chromatin  fragment  of  the 
proximal  Bglap2  promoter  in  a  PI3K/AKT-dependent  manner.  Conversely,  knockdown  of  Foxol  increased  Runx2 
interaction  with  the  promoter.  This  study  establishes  that  Foxol  is  a  novel  negative  regulator  of  osteoblast-specific 
transcription  factor  Runx2  and  modulates  IGF  1 /insulin-dependent  regulation  of  osteocalcin  expression  in  osteoblasts. 
These  findings  are  important  because  IGF1  was  reported  to  mediate  the  anabolic  actions  of  PTH  on  bone  in  vivo. 

Task  2:  To  establish  whether  the  anabolic  actions  of  PTH  require  ATF4  (6-48  months ). 

1)  The  anabolic  effects  ofPTFI  on  bone  are  severely  impaired  in  growing  Atf4-deficient  mice  (P5). 

We  first  evaluated  our  hypothesis  that  ATF4  mediates  the  anabolic  actions  of  PTH  in  bone  using  a  relatively 
simple  “growing  mouse”  model  system,  that  has  been  widely  used  for  studying  the  anabolic  actions  of  PTH,  PTHrP, 
FGF2,  and  IGF-1  in  bone  (1-6).  The  advantages  of  this  system  are  that  it  is  less  time  consuming  and  costly  versus 
adult  ovarectomized  mouse  models.  Furthermore,  because  young  growing  animals  have  relatively  high  osteoblast 
activity,  they  are  more  sensitive  to  PTH  than  adults  (6-14).  Mice  were  treated  with  vehicle  or  PTH  and  sacrificed  24 
h  after  the  last  PTH  injection.  PTH-dependent  anabolic  activity  was  evaluated  in  these  mice  using  standard 
biochemical  and  histomorphometric  criteria.  A  //A  mice  grew  more  slowly  than  wild  type  (wt)  animals.  The  growth 
rate  was  slightly  but  significantly  increased  by  PTH  treatment  during  d  6-18  in  wt  but  not  Atf4~'~  animals  (Fig  SI  A, 
P5).  Aifp  -  femurs  were  also  shorter  than  wt  or  A  if 4  femurs.  PTH  did  not  alter  the  length  of  femurs  (Fig  SIB,  P5). 
However,  it  did  significantly  increase  the  diy  ash  weight  per  femur  in  wt  and  Atf4+L  but  not  in  Atf4~f~  mice  (Fig  SIC, 
P5).  Serum  Pi  and  calcium  concentration  (Fig  SID  and  E,  P5)  were  not  markedly  affected  by  PTH  or  ATF4 
deficiency.  Faxitron  X-ray  analysis  of  femurs  revealed  that  wt  and  Atf4+L  mice  responded  to  PTH  with  markedly 
increased  radiopacity  throughout  the  whole  femur,  with  the  most  dramatic  increase  in  the  metaphyseal  region  (Fig 
S2,  top  and  middle,  P5).  In  contrast,  PTH  only  slightly  increased  the  radiopacity  in  the  same  region  of  Atf4~'~  femurs 
(Fig  S2,  bottom,  P5).  As  shown  in  Fig  1  (P5),  quantitative  pCT  analysis  of  femur  histomorphometric  parameters 
showed  that  Atf4~'~  mice  had  a  significant  reduction  in  bone  volume/tissue  volume  (BV/TV),  trabecular  number 
(Tb.N),  and  cortical  thickness  (Cort.Th)  and  a  marked  increase  in  trabecular  space  (Tb.Sp)  compared  with  the  wt  or 
Atf4+/~  littermates.  These  data  confirmed  an  essential  role  of  ATF4  in  bone  that  was  previously  demonstrated  by  the 
Karsenty  group.  As  expected,  in  wt  femurs,  intermittent  PTH  increased  BV/TV,  Tb.N,  and  Tb.Th  by  5.4-fold,  2.7- 
fold,  and  1.5-fold,  respectively,  and  decreased  Tb.Sp  by  60  percent.  Similar  effects  were  also  seen  in  Atf4+/'  mice  (Fig 
IB,  P5).  In  contrast,  the  PTH  response  was  greatly  attenuated  in  Atf4~/~  mice  where  the  following  PTH  responses 
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were  observed;  BV/TV,  2.2-fold  increase;  Tb.N,  1.7-fold  increase;  Tb.Th,  1.1-fold  increase;  Tb.Sp,  36  percent 
decrease.  In  all  cases,  the  magnitude  of  PTH-stimulated  changes  on  BV/TV,  Tb.N,  Tb.Sp  was  dramatically  reduced 
in  Atf4~'~  mice  relative  to  wt  or  At[4  mice  (P<0.05,  PTH/veh-wt  vs.  PTH/veh-/fi/4).  Furthermore,  PTH-stimulated 
increases  in  Cort.Th  and  Tb.Th  were  completely  lost  in  Atf4~;~  femurs.  Because  PTH  similarly  affected  all  trabecular 
and  cortical  parameters  in  Atf4+/+  and  Atf4+,~  mice,  subsequent  experiments  compared  the  PTH  effects  on  bone  only 
between  wt  and  Atf4~/~  mice. 

We  next  measured  effects  of  Atf4  gene  ablation  on  PTH  stimulation  of  tibiae,  vertebrae,  and  calvariae.  The 
anabolic  effect  of  PTH  on  wt  tibiae  was  so  dramatic  that  the  majority  of  the  bone  marrow  cavity  was  replaced  by 
newly  formed  bone  (Fig  2A  and  B,  P5).  In  Atf4~!~  tibiae,  while  PTH  still  induced  a  small  increase  in  trabecular  area, 
the  magnitude  of  stimulation  was  significantly  reduced  (5-fold  in  wt  vs.  2.2-fold  in  Atf4~/~)( P<0.05,  PTH/veh-wt  vs. 
PTH/veh-/fi/T)(Fig  2C-E,  P5).  Likewise,  the  PTH-stimulated  increase  in  the  trabeculae  of  vertebrae  (L5)  was 
markedly  reduced  in  Atf4~'~  mice  (3-fold  in  wt  vs.  2-fold  in  Atf4~/~)  (P<0.05,  PTH/veh-wt  vs.  PTH/veh-H(fV/")(Fig  2F- 
J).  When  histological  sections  of  calvariae  were  compared,  PTH  increased  the  width  of  the  calvariae  by  1.8-fold  in 
wt  mice,  a  response  that  was  abolished  in  Atf4~'~  animals  (Fig  2K-0,  P5). 

2)  Ablation  of  the  Atf4  gene  impairs  PTH  stimulation  of  trabecular,  but  not  cortical  bone  in  7-month-old 
ovariectomized  (OVX)  mice  (P5). 

The  experiments  described  above  established  a  critical  role  of  ATF4  in  the  anabolic  effects  of  PTH  on  long 
bones,  vertebrae,  and  calvariae  in  rapidly  growing  mice.  However,  it  is  possible  that  results  obtained  from  growing 
animals  may  be  different  from  those  in  adults  due  to  possible  effects  of  PTH  and/or  ATF4  on  animal  growth  or 
influences  of  animal  growth  on  the  anabolic  response  to  PTH,  either  of  which  could  complicate  the  interpretation  of 
the  results.  In  contrast,  adult  mice  have  a  mature  skeleton  in  which  these  possible  complications  can  be  avoided. 
Furthermore,  the  OVX  mouse  provides  a  model  that  may  be  more  relevant  to  the  clinical  applications  of  PTH  in  the 
treatment  of  osteoporosis.  For  these  reasons,  we  evaluated  whether  ATF4  is  required  for  the  anabolic  response  to 
PTH  in  7-month-old  OVX  mice.  OVX  surgery  was  successful  as  demonstrated  by  significant  reduction  in  BV/TV 
(65  percent),  Tb.N  (27  percent),  and  Tb.Th  (18  percent)  and  increased  Tb.Sp  (37  percent)  relative  to  sham  surgery 
(P<0.05,  wt-sham  vs.  wt-OVX)  .  OVX  surgery  did  not  reduce  Cort.Th,  which  is  consistent  with  results  from  rats,  As 
shown  in  Fig  3  A-C  (P5),  similar  to  results  from  growing  mice,  ablation  of  the  Atf4  gene  significantly  decreased 
BV/TV  and  Tb.N  and  increased  Tb.Sp  in  adult  OVX  mice.  In  further  agreement  with  results  in  young  mice,  Atf4''' 
animals  exhibited  a  clearly  attenuated  response  to  PTH.  For  example,  while  PTH  increased  BV/TV  by  7.8-fold  in  wt 
mice,  this  value  was  only  increased  4.2-fold  in  Atf4~;~  animals.  Similarly,  while  PTH  still  stimulated  formation  of 
trabecular  bone  in  /I //4""  trabeculae,  the  magnitude  of  this  response  was  significantly  reduced  compared  to  wt  control 
(P<0.05,  PTH/veh-wt  vs.  PTH/veh-/l//4').  In  contrast  to  result  from  growing  mice,  Cort.Th  was  not  reduced  by 
ablation  of  the  Atf4  gene  in  adult  OVX  mice  (0.21±0.01  mm  in  wt  vs.  0.19±0.02  mm  in  Atf4~'~,  P>0.05  wt  vs.  Atf4'A). 
Also,  PTH  was  much  less  effective  in  stimulating  Cort.Th  in  adult  OVX  mice  (24%)  than  in  growing  mice  (95%) 
(Figs  1  and  3,  P5).  Furthermore,  no  difference  in  stimulation  of  cortical  thickness  by  PTH  was  observed  when  wt  and 
Atf4~'~  groups  were  compared  (24%  wt  vs.  21%  Atf4';')( P>0.05,  PTH/veh-wt  vs.  PTH/veh-/fi/4‘‘). 

3)  ATF4  is  critical  for  PTH  to  increase  bone  formation  in  vivo  (P5). 

To  determine  if  ATF4  is  required  for  PTH  to  increase  bone  formation  in  vivo,  we  performed  calcein  double 
labeling  experiments.  As  shown  in  Fig  3  A  and  B  (P5),  results  from  calcein  double  labeling  of  7-month  old  OVX  wt 
and  Atf4v~  tibia  revealed  that  the  PTH-stimulated  increase  in  mineral  apposition  rate  (MAR),  an  indicator  of 
osteoblast  function,  was  significantly  reduced  by  ATF4  deficiency  (P<0.05,  PTH/veh-wt  vs.  PTH/veh-H//'¥v"). 

4)  ATF4-deficient  mice  display  a  resistance  to  OVX-induced  bone  (P5). 

Interestingly,  as  shown  in  Fig  S3  (P5),  OVX  surgery  significantly  reduced  bone  mass  in  wt  mice.  This 
reduction  was  completely  abolished  in  Atf4 v"  animals  (P>0.05,  Atf4"  -sham  vs.  Atf4 "A  -OVX).  This  result  suggests 
that  ATF4  may  play  an  important  role  in  OVX  induction  of  bone  loss.  Current  study  in  the  project  laboratory  is  to 
define  the  molecular  mechanism  underlying  this  important  finding. 
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5)  ATF4  is  critical  for  OCL  differentiation  in  vitro  and  in  vivo  (P6). 

Our  results  revealed  that  TRAP  activity  (an  OCL  marker)  was  dramatically  decreased  in  Atf4"  tibiae 
compared  to  wt  tibiae  (Figure  1C,  P6).  OCL  surface/bone  surface  (Oc.S/BS)  and  OCL  number/bone  perimeter 
(Oc.Nb/BPm)  were  reduced  similarly  in  both  primary  and  secondary  spongiosa  in  Atf4' A  tibiae  relative  to  wt  tibiae 
(Figure  ID,  P6).  TRAP-positive  MNCs  (>3  nuclei/cell)  in  BMM  cultures  from  Atf4'A  mice  were  dramatically  reduced 
compared  to  that  from  wt  mice  (Figure  1E-F,  P6).  Furthermore,  the  number  of  nuclei  per  MNC  was  decreased  by  75 
percent  in  Atf4'A  BMM  cultures  compared  to  wt  cultures  (Figure  1G,  P6),  and  the  MNCs  that  formed  in  A tf4~/~  BMM 
cultures  were  much  smaller  than  those  formed  in  wt  cultures.  Furthermore,  the  resorption  pit  area  on  dentin  slices 
was  dramatically  reduced  in  Atf4~A  BMM  cultures  compared  to  wt  cultures  (Figure  1H-I,  P6).  Co-culture  experiments 
showed  that  wt  osteoblasts  failed  to  rescue  the  defective  OCL  formation  of  Atf4~/~  BMMs  (Figure  2C-D,  P6).  Taken 
together,  these  experiments  suggest  that  ATF4  deficiency  impairs  osteoclastogenesis  in  a  cell  autonomous  manner. 
We  developed  transgenic  mice  in  which  the  Atf4  transgene  is  driven  by  an  1846-bp  mouse  Trap  promoter  that 
selectively  expresses  ATF4  in  OCLs  (Figure  3A,  top,  P6).  Transgenic  ATF4  dramatically  increased  the  protein  levels 
of  NFATcl/A  but  not  of  PU.  1  or  c-Fms  proteins  in  differentiated  BMM  cultures.  The  levels  of  OCL  differentiation 
marker  gene  mRNAs  (Trap,  Rank,  Cat  K,  and  Mmp9)  were  all  dramatically  elevated  in  differentiated  BMM  cultures 
from  Trap-Atf4-tg  mice  compared  to  those  from  wt  mice.  OCL-targeted  overexpression  of  ATF4  dramatically 
increased  the  numbers  of  TRAP-positive  MNCs  in  vitro  (Figure  3D,  P6).  We  found  a  similar  effect  of  transgenic 
ATF4  expression  in  vivo.  The  TRAP  activity  was  markedly  increased  in  Trap-Atf4-tg  tibiae  compared  to  wt  tibiae 
(Figure  3E,  P6).  As  shown  in  Figure  3F  (P6),  Oc.S/BS  Oc.Nb/BPm  in  both  primary  and  secondary  spongiosa  of 
tibiae  were  dramatically  increased  in  Trap-Atf4-tg  mice  compared  to  wt  controls.  Quantitative  pCT  analysis  of  femur 
histomorphometric  parameters  showed  that  Trap-Atf4-tg  mice  had  a  significant  reduction  in  bone  volume/tissue 
volume  (BV/TV)  and  trabecular  number  (Tb.N)  and  a  marked  increase  in  trabecular  space  (Tb.Sp)  compared  with 
the  wt  littermates  (Figure  3G,  P6).  Because  osteocalst  activity  was  recently  shown  to  be  critical  for  the  anabolic 
actions  in  bone,  our  finding  that  ATF4  regulates  osteoclast  differentiation  and  bone  resorption  has  added  a  new  layer 
to  the  molecular  mechanisms  underlying  the  PTH  actions  in  osteoblasts  and  bone. 

Key  Research  Accomplishments 

•  We  have  demonstrated  that  ATF4  is  a  novel  downstream  target  of  PTH  signaling  in  osteoblasts  (PI). 

•  We  have  demonstrated  that  TFIIAy  increases  osteoblast-specific  osteocalcin  gene  expression  by  facilitating 
ATF4-Runx2  interactions  (P2). 

•  We  have  demonstrated  that  ATF4  increases  the  expression  of  cyclin  Dl,  a  key  factor  for  cell  cycle  progression, 
and  promotes  osteoblast  proliferation  in  vitro  and  in  vivo  (P3  and  P5). 

•  We  have  demonstrated  that  ATF4  is  critical  for  PTH  to  increase  osteoblast  differentiation  in  bone  (P5). 

•  We  have  demonstrated  that  ATF4  is  a  novel  upstream  transcriptional  activator  of  Osx,  a  key  factor  for  osteoblast 
differentiation  and  bone  formation  (P5). 

•  We  have  demonstrated  that  ATF4  is  important  for  intermittent  PTH  to  stimulate  osteoblast-mediated  bone 
formation  in  vivo  (P5). 

•  We  have  identified  and  functionally  characterized  Erk/MAPK  phosphorylation  sites  in  Runx2,  an  ATF4- 
interacting  factor  identified  by  the  project  laboratory  (P4). 

•  We  have  demonstrated  that  ATF4  is  required  for  the  anabolic  actions  of  PTH  in  bone  in  rapidly  growing  mice 

(P5). 

•  We  have  demonstrated  that  ATF4  is  required  for  the  anabolic  actions  of  PTH  in  bone  in  adult  OVX  mice  (P5). 

•  We  have  demonstrated  that  ATF4  is  essential  for  OVX  induction  of  bone  loss  in  vivo  (P5). 

•  We  have  demonstrated  that  ATF4  is  essential  for  osteoclast  differentiation  and  bone  resorption,  which  is 
modulated  by  PTH  (P6). 

•  We  have  demonstrated  that  Foxol  mediates  IGF  1  /insulin  regulation  of  osteocalcin  expression  by  antagonizing 
Runx2  in  osteoblasts  (P7). 

Reportable  Outcomes 
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A3.  Zhang  X,  Yu  S,  Galson  DL,  Luo  M,  Fan  J,  Zhang  J,  Guan  G,  Xiao  G.  Role  of  ATF4  in  osteoblast  proliferation 
and  survival,  ASBMR  annual  meeting-2008  (poster). 

A4.  Yu  S,  Franceschi  RT,  Luo  M,  Fan  J,  Jiang  D,  Cao  H,  Lai  Y,  Zhang  J,  Patrene  K,  Hankenson  K,  Roodman  GD, 
Xiao  G.  Activating  transcription  factor  4  mediates  the  anabolic  actions  of  parathyroid  hormone  in  bone  ASBMR 
annual  meeting-2009  (poster) 

A5.  Xiao  G.  Critical  role  of  activating  transcription  factor  4  in  parathyroid  hormone-mediated  bone  formation. 
Military  Health  Research  Forum  (MHRF)-2009.  (Oral  Presentation) 

A6.  Cao  H,  Yu  S,  Yao  Z,  Galson  DL,  Jiang  Y,  Zhang  X,  Fan  J,  Lu  B,  Guan  Y,  Luo  M,  Lai  Y,  Kurihara  N,  Patrene  K, 
Roodman  GD,  Xiao  G.  Critical  role  of  ATF4  in  regulating  osteoclast  differentiation  and  bone  resorption.  ASBMR 
annual  meeting-201 1  (Oral  Presentation,  201 1  ASBMR  Young  Investigator  Award) 

A7.  Yang  S,  Xu  H,  Shibing  Yul,  Cao  H,  Jie  Fan,  Ge  C,  Fransceschi  RT,  Dong  HH,  Xiao  G.  Foxol  mediates 
IGF  1 /Insulin  regulation  of  osteocalcin  expression  by  antagonizing  Runx2  in  osteoblasts.  ASBMR  annual  meeting- 
2011  (poster). 

Conclusion 

During  the  last  four  years  of  support,  our  studies  establish  that:  i)  ATF4  is  essential  for  intermittent  PTH  to  increase 
bone  mass  in  both  young  and  adult  OVX  mice,  ii)  ATF4  increases  osteoblast  proliferation  in  vitro  and  in  bone 
probably  via  upregulation  of  cyclin  Dl;  iii)  ATF4  promotes  osteoblast  differentiation  at  least  in  part  via  upregulation 
of  Osx,  a  key  osteoblast  differentiation  transcription  factor;  iv)  ATF4  is  critical  for  PTH  to  increase  bone  formation  in 
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vivo;  v)  ATF4  plays  a  critical  role  in  OVX  induction  of  bone  loss;  and  vi)  ERK/MAPK,  which  is  known  to  be 
activated  by  PTH  signaling  in  osteoblasts,  phosphorylates  and  activates  Runx2;  vii)  ATF4  is  critical  for  osteoclast 
differentiation  and  bone  resorption;  viii)  ATF4  activates  osteocalcin  gene  expression  via  cooperation  with  Runx2,  a 
master  regulator  of  osteoblast  differentiation  and  bone  formation;  ix)  Foxol  mediates  IGF1,  which  is  critical  for  the 
anabolic  actions  of  PTH  in  bone  in  vivo,  regulation  of  osteocalcin  expression  by  antagonizing  Runx2  in  osteoblasts. 
Collectively,  the  knowledge  obtained  from  these  studies  will  significantly  enhance  our  understanding  of  the  molecular 
mechanism  underlying  the  actions  of  PTH  in  osteoblasts  and  bone  and  define  new  potential  therapeutic  targets  for 
improved  treatment  of  osteoporosis  and  other  metabolic  bone  diseases. 
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Parathyroid  Hormone  Increases  Activating 
Transcription  Factor  4  Expression  and  Activity  in 
Osteoblasts:  Requirement  for  Osteocalcin  Gene 
Expression 

Shibing  Yu,  Renny  T.  Franceschi,  Min  Luo,  Xiaoyan  Zhang,  Di  Jiang,  Yumei  Lai,  Yu  Jiang,  Jian  Zhang, 
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PTH  is  an  important  peptide  hormone  regulator  of  calcium 
homeostasis  and  osteoblast  function.  However,  its  mechanism 
of  action  in  osteoblasts  is  poorly  understood.  Our  previous 
study  demonstrated  that  PTH  activates  mouse  osteocalcin 
(Ocn)  gene  2  promoter  through  the  osteoblast-specific  ele¬ 
ment  1  site,  a  recently  identified  activating  transcription  fac- 
tor-4  (ATF4)  -binding  element.  In  the  present  study,  we  ex¬ 
amined  effects  of  PTH  on  ATF4  expression  and  activity  as  well 
as  the  requirement  for  ATF4  in  the  regulation  of  Ocn  by  PTH. 
Results  show  that  PTH  elevated  levels  of  ATF4  mRNA  and 
protein  in  a  dose-  and  time-dependent  manner.  This  PTH  reg¬ 
ulation  requires  transcriptional  activity  but  not  de  novo  pro¬ 


tein  synthesis.  PTH  also  increased  binding  of  nuclear  extracts 
to  osteoblast-specific  element  1  DNA.  PTH  stimulated  ATF4- 
dependent  transcriptional  activity  mainly  through  protein 
kinase  A  with  a  lesser  requirement  for  protein  kinase  C  and 
MAPK/ERK  pathways.  Lastly,  PTH  stimulation  of  Ocn  expres¬ 
sion  was  lost  by  small  interfering  RNA  down-regulation  of 
ATF4  in  MC-4  cells  and  Atf4~'~  bone  marrow  stromal  cells. 
Collectively,  these  studies  for  the  first  time  demonstrate  that 
PTH  increases  ATF4  expression  and  activity  and  that  ATF4  is 
required  for  PTH  induction  of  Ocn  expression  in  osteoblasts. 
( Endocrinology  149:  1960-1968,  2008) 


PTH  IS  A  MAJOR  regulator  of  osteoblast  activity  and 
skeletal  homeostasis.  PTH  has  both  catabolic  and  an¬ 
abolic  effects  on  osteoblasts  and  bone  that  depend  on  the 
temporal  pattern  of  administration;  continuous  administra¬ 
tion  decreases  bone  mass,  whereas  intermittent  administra¬ 
tion  increases  bone  mass  (1-3).  At  the  molecular  level,  PTH 
binds  to  the  PTH-1  receptor  (PTH1R),  a  G  protein-coupled 
receptor  that  is  expressed  in  osteoblasts  (4-6)  and  activates 
multiple  intracellular  signaling  pathways  that  involve 
cAMP,  inositol  phosphates,  intracellular  Ca2+,  protein  ki¬ 
nases  A  and  C  (7),  and  the  ERK/MAPK  pathway  (8,  9).  The 
ability  of  PTH  to  regulate  gene  expression  is  largely  depen¬ 
dent  on  activation  of  specific  transcription  factors  such  as 
cAMP  response  element  binding  protein  (CREB)  (10,  11), 
activator  protein-1  family  members  (12-15),  pituitary-spe¬ 
cific  transcription  factor-1  (16),  and  Runt-related  transcrip¬ 
tion  factor-2  (Runx2)  (12, 17).  A  better  understanding  of  the 
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Abbreviations:  ActD,  Actinomycin  D;  ATF4,  activating  transcription 
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downstream  PTH  signaling  events  is  essential  to  understand 
the  mechanistic  basis  for  the  anabolic  and  catabolic  actions 
of  this  hormone  on  bone. 

The  osteocalcin  (Ocn)  promoter  has  been  the  major  para¬ 
digm  for  unraveling  the  mechanisms  mediating  osteoblast- 
specific  gene  expression  and  defining  a  number  of  transcrip¬ 
tion  factors  and  cofactors  (18-29).  Because  Ocn  gene  is 
regulated  by  PTH  (30-32),  we  considered  it  a  good  model  for 
identifying  new  transcriptional  mediators  of  PTH  action. 
Using  this  system,  we  recently  showed  that  the  osteoblast- 
specific  element  (OSE)-l  in  the  proximal  mouse  (Ocn)  gene 
2  (mOG2)  promoter  (19)  is  necessary  and  sufficient  for  PTH 
induction  of  this  gene  (33).  Immediately  after  publication  of 
this  study,  the  OSE1  was  identified  as  a  binding  site  for 
activating  transcription  factor-4  (ATF4)  (34). 

ATF4,  also  known  as  CREB2  (35)  and  tax-responsive  en¬ 
hancer  element  B67  (36),  is  a  member  of  the  ATF/CREB 
family  of  leucine-zipper  factors  that  also  includes  CREB, 
cAMP  response  element  modulator,  ATF1,  ATF2,  ATF3,  and 
ATF4  (37-41).  These  proteins  bind  to  DNA  via  their  basic 
region  and  dimerize  via  their  leucine  domain  to  form  a  large 
variety  of  homodimers  and  /  or  heterodimers  that  allow  the 
cell  to  coordinate  signals  from  multiple  pathways  (37-41). 
An  in  vivo  role  for  ATF4  in  bone  development  was  estab¬ 
lished  using  Af/4-deficient  mice  (29).  ATF4  is  required  for 
expression  of  Ocn  and  bone  sialoprotein  as  demonstrated  by 
the  dramatic  reduction  of  their  mRNAs  in  Atf4~/~  bone  (29). 
ATF4  activates  Ocn  transcription  through  direct  binding  to 
the  OSE1  site  as  well  as  interactions  with  Runx2  through 
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cooperative  interactions  with  OSE1  and  OSE2  (also  known  as 
nuclear  matrix  protein  2  binding  site)  sites  in  the  promoter 
(19,  20,  25).  ATF4  activity  is  negatively  regulated  by  factor 
inhibiting  activating  transcription  factor-4-mediated  tran¬ 
scription  (42).  Factor  inhibiting  activating  transcription  fac¬ 
tor  binds  to  ATF4  and  represses  its  activity  and  bone  for¬ 
mation  in  vivo.  Although  Atf4  mRNA  is  ubiquitously 
expressed,  ATF4  protein  preferentially  accumulates  in  os¬ 
teoblasts  (34).  This  accumulation  is  explained  by  a  selective 
reduction  of  proteasomal  degradation  in  osteoblasts. 

The  purpose  of  this  study  was  to  determine  the  effects  of 
PTH  on  ATF4  expression  and  activity  and  evaluate  whether 
ATF4  mediates  PTH  induction  of  Ocn  expression  in 
osteoblasts. 

Materials  and  Methods 

Reagents 

Tissue  culture  media  and  fetal  bovine  serum  were  obtained  from 
HyClone  (Logan,  UT).  y-[32P]ATP  (3000  Ci/mmol)  and  «-[32P]dCTP 
(3000  Ci/ mmol)  were  purchased  from  GE  Healthcare  (Piscataway,  NJ). 
Other  reagents  were  obtained  from  the  following  sources:  H89,  forskolin 
(FSK),  GF109203X,  phorbol  12-myristate  13-acetate  (PMA),  cyclohexi- 
mide  (CHX),  actinomycin  D  (ActD),  and  mouse  monoclonal  antibody 
against  /3-actin  from  Sigma  (St.  Louis,  MO);  U0126  from  Promega  (Mad¬ 
ison,  WI);  and  U0124  from  Calbiochem  (La  Jolla,  CA),  PTH  (1-34)  from 
Bachem  (Torrance,  CA),  antibodies  against  ATF4,  Runx2,  and  horse¬ 
radish  peroxidase-conjugated  mouse  or  goat  IgG  from  Santa  Cruz  (Santa 
Cruz,  CA).  All  other  chemicals  were  of  analytical  grade. 

Cell  cultures 

Mouse  MC3T3-E1  subclone  4  (MC-4)  cells  were  described  previously 
(43,  44)  and  maintained  in  ascorbic  acid-free  a-MEM,  10%  fetal  bovine 
serum  (FBS),  and  1%  penicillin/streptomycin  and  were  not  used  beyond 
passage  15.  Rat  osteoblast-like  UMR106-01  cells  (45)  were  maintained  in 
DMEM  and  10%  FBS.  Isolation  of  mouse  primary  bone  marrow  stromal 
cells  (BMSCs)  was  described  previously  (33).  Briefly,  6-wk-old  male 
C57BL/6  mice  were  killed  by  cervical  dislocation.  Tibiae  and  femurs 
were  isolated  and  the  epiphyses  were  cut.  Marrow  was  flushed  with 
DMEM  containing  20%  FBS,  1%  penicillin/streptomycin,  and 
10~8  m  dexamethasone  into  a  60-mm  dish,  and  the  cell  suspension  was 
aspirated  up  and  down  with  a  20-gauge  needle  to  break  clumps  of 
marrow.  The  cell  suspension  (marrow  from  two  mice/flask)  was  then 
cultured  in  a  T75  flask  in  the  same  medium.  After  10  d,  cells  reach 
confluency  and  are  ready  for  experiments. 

DNA  constructs  and  transfection 

Wild-type  and  mutant  p40SEl-luc  plasmids  were  described  previ¬ 
ously  (25,  33).  Cells  were  plated  on  35-mm  dishes  at  a  density  of  5  X  104 
cells/cm2.  After  24  h,  cells  were  transfected  with  lipofectAMINE  2000 
(Invitrogen,  Carlsbad,  CA)  according  to  the  manufacturer's  instructions. 
Each  transfection  contained  0.5  pg  of  the  indicated  plasmid  plus  0.05  pg 
of  pRL-SV40,  containing  a  cDNA  for  Renilla  reformis  luciferase  to  con¬ 
trol  for  transfection  efficiency.  Cells  were  harvested  and  assayed  using 
the  dual  luciferase  assay  kit  (Promega)  on  a  Monolight  2010  luminom- 
eter  (BD  Biosciences,  San  Diego,  CA). 

Preparation  of  nuclear  extracts  and  gel  mobility  shift 
assay  (GMSA) 

Nuclear  extracts  were  prepared  and  GMSAs  were  conducted  as  pre¬ 
viously  described  (43).  Each  reaction  contained  1  pg  of  nuclear  extracts. 
The  DNA  sequences  of  OSE1  oligonucleotides  used  for  GMSA  were  as 
follows:  wild-type  (wt):  TGC  TTA  CAT  CAG  AGA  GCA);  mutant  (mt): 
TGC  TTA  gta  CAG  AGA  GCA. 


Western  blot  analysis 

Twenty  micrograms  of  nuclear  extracts  were  fractionated  on  a  10% 
SDS-PAGE  gel  and  transferred  onto  nitrocellulose  membranes  (Schlei¬ 
cher  &  Schuell,  Keene,  NH).  The  membrane  was  blocked  in  5%  nonfat 
milk  in  Tris-buffered  saline/Tween  20  buffer;  probed  with  antibodies 
against  ATF4  (1:1000)  followed  by  incubation  with  secondary  antibodies 
conjugated  with  horseradish  peroxidase  (1:5000);  and  visualized  using 
an  enhanced  chemiluminescence  kit  (Pierce,  Rockford,  IL).  Finally,  blots 
were  stripped  two  times  in  buffer  containing  65  mM  Tris  Cl  (pH  6.8),  2% 
sodium  dodecyl  sulfate,  and  0.7%  (vol/vol)  J3-mercaptoethanol  at  65  C 
for  15  min  and  reprobed  with  j3-actin  antibody  (1:5000)  for 
normalization. 

RNA  isolation  and  reverse  transcription 

Total  RNA  was  isolated  using  TRIzol  reagent  (Invitrogen  Life  Tech¬ 
nologies,  Gaithersburg,  MD)  according  to  the  manufacturer's  protocol. 
Reverse  transcription  was  performed  using  2  jug  of  denatured  RNA  and 
100  pmol  of  random  hexamers  (Applied  Biosystems,  Foster,  CA)  in  a 
total  volume  of  25  pi  containing  12.5  U  MultiScribe  reverse  transcriptase 
(Applied  Biosystems)  according  to  the  manufacturer's  instructions. 

Quantitative  real-time  PCR 

Quantitative  real-time  PCR  was  performed  on  an  iCycler  (Bio-Rad, 
Minneapolis,  MN)  using  a  SYBR  Green  PCR  core  kit  (Applied  Biosys¬ 
tems)  and  cDNA  equivalent  to  10  ng  RNA  in  a  50-/U.1  reaction  according 
to  the  manufacturer's  instructions.  The  DNA  sequences  of  mouse  prim¬ 
ers  used  for  real-time  PCR  were:  Atf4, 5 '-GAG  CTT  CCT  GAA  CAG  CGA 
AGT  G-3'  (forward),  5'-TGG  CCA  CCT  CCA  GAT  AGT  CAT  C-3' 
(reverse);  Ocn,  5'-TAG  TGA  ACA  GAC  TCC  GGC  GCT  A-3'  (forward), 
5'-TGT  AGG  CGG  TCT  TCA  AGC  CAT-3'  (reverse);  Pthlr,  5'-GAT  GCG 
GAC  GAT  GTC  TTT  ACC-3'  (forward),  5'-GGC  GGT  CAA  ATA  CCT 
CC-3'  (reverse);  Coll(I),  5'-AGA  TTG  AGA  ACA  TCC  GCA  GCC-3' 
(forward),  5'-TCC  AGT  ACT  CTC  CGC  TCT  TCC  A-3'  (reverse);  Opn, 
5' -CCA  ATG  AAA  GCC  ATG  ACC  ACA-3',  (forward),  5'-CGT  CAG 
ATT  CAT  CCG  AGT  CCA  C-3'  (reverse);  Gapdh,  5'-CAG  TGC  CAG  CCT 
CGT  CCC  GTA  GA-3'  (forward),  5'-CTG  CAA  ATG  GCA  GCC  CTG 
GTG  AC-3'  (reverse).  For  all  primers  the  amplification  was  performed 
as  follows:  initial  denaturation  at  95  C  for  10  min  followed  by  40  cycles 
of  95  C  for  15  sec  and  60  C  for  60  sec.  Melting  curve  analysis  was  used 
to  confirm  the  specificity  of  the  PCR  products.  Six  samples  were  run  for 
each  primer  set.  The  levels  of  mRNA  were  calculated  by  the  ACT  (the 
difference  between  the  threshold  cycles)  method  (46).  Atf4,  Ocn,  Coll(I), 
Pthlr,  and  Opn  mRNAs  were  normalized  to  Gapdh  mRNA. 

Northern  blot 

Twenty  micrograms  of  total  RNA  was  fractionated  on  1.0%  agarose- 
formaldehyde  gels  and  blotted  onto  nitrocellulose  paper.  The  mouse 
Atf4  cDNA  inserts  were  excised  from  plasmid  DNA  with  the  appropriate 
restriction  enzymes  and  purified  by  agarose  gel  electrophoresis  before 
labeling  with  a-[32P]dCTP  using  a  random  primer  kit  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN).  Hybridizations  were  performed  as  pre¬ 
viously  described  using  a  Bellco  Autoblot  hybridization  oven  (47).  Same 
blots  were  reprobed  with  [32P]-labeled  cDNA  to  18S  rRNA  for  loading 
(48). 

Small  interfering  RNA  (siRNA)-MC-4  cells,  which  contain  high  levels 
of  Atf4  mRNA,  were  seeded  at  a  density  of  25,000  cells/ cm2.  After  24  h, 
cells  were  transfected  with  mouse  Atf4  siRNA  (sense:  5 '-GAG  CAU  UCC 
UUU  AGU  UUA  GUU-3';  antisense:  5'-CUA  AAC  UAA  AGG  AAU 
GCU  CUU-3')  (49)  or  negative  control  siRNA  (low  GC,  catalog  no. 
12935-200;  Invitrogen)  using  LipofectAMINE  2000  (Invitrogen).  After 
48  h,  cells  from  three  identically  treated  dishes  were  pooled  and  har¬ 
vested  for  total  RNA,  followed  by  quantitative  real-time  RT-PCR  anal¬ 
yses  for  Atf4,  Ocn,  and  Coll(I)  mRNAs.  A  second  set  of  mouse  Atf4 
siRNAs  was  purchased  from  Ambion  (Austin,  TX;  catalog  no.  AMI 6704, 
ID  160775  and  160776)  and  used  to  confirm  the  results  using  the  first  set 
of  Atf4  siRNA. 

Atf4-deficient  mice 

Breeding  pairs  of  mice  heterozygous  for  ATF4  (Swiss  Black  mouse 
background)  were  obtained  from  Dr.  Randal  J.  Kaufman  (the  Howard 
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Fig.  1.  PTH  increases  levels  of  ATF4  expression  in  osteoblasts.  A, 
Effect  of  PTH  on  Atf4  mRNA.  MC-4  cells  were  seeded  at  a  density  of 
50,000  cells/cm2  in  35-mm  dishes  and  cultured  in  10%  FBS  medium 
overnight.  Cells  were  then  treated  with  various  concentration  of  PTH 
for  6  h.  For  each  group,  total  RNA  (20  pg/lane)  was  loaded  for  North¬ 
ern  hybridization  using  cDNA  probes  for  mouse  Atf4  mRNA  and  18S 
rRNAs  (for  normalization).  B,  Effect  of  PTH  on  ATF4  proteins  (dose 
response).  MC-4  cells  were  treated  with  indicated  concentrations  of 
PTH  for  6  h  and  nuclear  extracts  were  prepared  for  Western  blot 
analysis  for  ATF4.  C,  Effect  of  PTH  on  ATF4  proteins  (time  course). 
MC-4  cells  were  treated  with  10~7  M  PTH  for  indicated  time  (h). 
Experiments  were  repeated  three  to  four  times,  and  qualitatively 
identical  results  were  obtained. 


Hughes  Medical  Institute  and  the  University  of  Michigan  School  of 
Medicine).  These  mice  were  originally  developed  by  Dr.  Tim  M.  Townes 
(University  of  Alabama  at  Birmingham)  and  were  used  to  generate  Atf4 
wild-type  ( Atf4+/+ ),  heterozygous  (Atf4+/~),  and  homozygous  mutant 
(Af/4_/~)  embryos/pups  for  this  study.  Original  reports  describing  the 
phenotype  of  Atf4  homozygote-null  mutants  used  the  identical  strain  of 
mice  (50).  PCR  genotyping  was  performed  on  tail  DNA  using  a  cocktail 
of  three  primers  (TOWNES-1:  5'-AGC  AAA  ACA  AGA  CAG  CAG  CCA 
CTA-3';  TOWNES-2: 5'-GTT  TCT  ACA  GCT  TCC  TCC  ACT  CTT-3',  and 


Fig.  2.  Effects  of  CHX/ActD  treatment  on  PTH  induction  of  Atf4 
mRNA.  MC-4  cells  were  treated  with  vehicle  or  10  pg/ml  CHX  (A)  or 
ActD  (B)  in  the  absence  or  presence  of  PTH  for  6  h.  Atf4  and  Gapdh 
mRNAs  were  determined  by  quantitative  real-time  RT-PCR  analysis. 
Experiments  were  repeated  three  times,  and  qualitatively  identical 
results  were  obtained.  *,P  <  0.05  [control  (ctrl)  vs.  PTH];  #,  P  <  0.05 
(CHX  vs.  CHX/PTH);  f,  <  0.05  (control  vs.  CHX). 


TOWNES-3:  5'-ATA  TTG  CTG  AAG  AGC  TTG  GCGGC-3')  obtained 
from  the  laboratories  of  Dr.  Randal  J.  Kaufman.  A  700-bp  DNA  PCR 
product  was  amplified  from  Af/4~/_  mouse  tail  DNA  and  a  900-bp 
product  from  wild-type  mice  (see  Fig.  7A).  The  genotype  of  each 
mouse  established  by  PCR  of  tail  genomic  DNA  was  confirmed  by 
Western  blotting  of  calvaria  cell  lysates  and  anti-ATF4  antibody.  A 
breeding  colony  was  established  using  heterozygote  mice  to  provide 
littermate  controls.  All  animal  studies  were  approved  by  the  Animal 
Care  Committee  of  the  Veterans  Affairs  Pittsburgh  Healthcare 
System. 


MC-4  UMR106  BMSC 


log[PTH](M) 


Time(h) 

Fig.  3.  PTH  increases  ATF4-dependent  transcriptional  activity  in 
MC-4  cells.  A,  Target  cell  specificity.  Cells  (MC-4,  UMR106-01,  and 
primary  BMSCs)  were  transiently  transfected  with  p40SEl-luc  and 
renilla  luciferase  normalization  plasmid  and  treated  with  10  7  M  PTH 
for  6  h  before  being  harvested  and  assayed  for  dual-luciferase  activity. 
Firefly  luciferase  activity  was  normalized  to  renilla  luciferase  activity 
(for  transfection  efficiency).  B,  Dose  dependence.  MC-4  cells  were 
transiently  transfected  as  in  Fig.  2A  and  treated  with  indicated  con¬ 
centration  of  PTH  (from  10-11  to  10~7  m)  for  6  h  followed  by  dual- 
luciferase  assay.  C,  Time  course.  MC-4  cells  were  transiently  trans¬ 
fected  as  in  Fig.  2A  and  treated  with  10~7  M  PTH  for  indicated  times. 
Data  represent  mean  ±  SD.  Experiments  were  repeated  three  to  four 
times  and  qualitatively  identical  results  were  obtained.  *,  P  <  0.05 
[control  (ctrl)  vs.  PTH]. 
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Fig.  4.  PTH  increases  binding  of  ATF4  to  OSE1  DNA.  A,  PTH  increases  binding  of  osteoblast  nuclear  extracts  (NE)  to  OSE1.  Nuclear  extracts 
were  prepared  from  MC-4  cells  with  (P)  (lanes  3-7)  or  without  (C)  (lane  2)  PTH  treatment  for  6  h.  One  microgram  of  each  nuclear  extract  was 
incubated  with  end-labeled  double-stranded  OSE1  (TGC  TTA  CAT  CAG  AGA  GCA)  and  analyzed  by  electrophoresis  on  4%  polyacrylamide  gels. 
DNA  binding  to  labeled  wild-type  OSE1  probe  was  analyzed  in  the  presence  of  25-  to  50-fold  molar  excesses  of  cold  wt  (lanes  6  and  7)  or  mt 
(lanes  4  and  5)  OSE1  (TGC  TTA  gta  CAG  AGA  GCA)  by  GMSA  using  1  jug  of  nuclear  extracts  from  PTH-treated  MC-4  cells.  B,  Binding  site 
specificity.  Labeled  wt  (lanes  1-3)  and  mt  (lanes  4-6)  OSE1  probes  were  incubated  with  1  /ug  nuclear  extracts  from  MC-4  cells  with  and  without 
PTH  treatment.  C,  The  nuclear  complex  binding  OSE1  contains  ATF4.  Labeled  wild-type  OSE1  probe  was  incubated  with  1  jug  nuclear  extracts 
from  PTH-treated  MC-4  cells  in  the  presence  of  normal  control  IgG  (lane  3),  ATF4  antibody  (lane  4),  Runx2  antibody  (lane  5),  CREB  antibody 
(lane  6),  ATF1  antibody  (lane  7),  and  Fra-1  antibody  (lane  8).  Experiments  were  repeated  three  to  four  times,  and  qualitatively  identical  results 
were  obtained. 


Statistical  analysis 

Data  were  analyzed  with  GraphPad  Prism  software  (GraphPad,  San 
Diego,  CA).  A  one-way  ANOVA  analysis  was  used  followed  by  the 
Dunnett's  test  (see  Fig.  3,  B  and  C).  Student's' t  test  was  used  to  test  for 
differences  between  two  groups  of  data.  Differences  with  a  P  <  0.05  was 
considered  as  statistically  significant.  Results  were  expressed  as 
means  ±  sd. 

Results 

PTH  increases  ATF4  expression  in  MC-4  cells 

To  determine  the  effect  of  PTH  on  Atf4  mRNA  expression, 
MC-4  cells  were  treated  with  increasing  concentrations  of 
PTH  (from  1 0  ~~ 1 3  to  10-7  m)  for  6  h,  and  total  RNA  was 
isolated  for  Northern  blot  analysis.  As  shown  in  Fig.  1A,  PTH 
dose-dependently  increased  levels  of  Atf4  mRNAs  with  a 
significant  stimulatory  effect  first  detected  at  a  concentration 
of  10-10  m.  Western  blot  analyses  using  nuclear  extracts  from 
MC-4  cells  with  and  without  PTH  treatment  show  that  PTH 
also  dose-dependently  elevated  the  levels  of  ATF4  protein 
with  maximal  stimulation  at  10-1°  m.  Measurable  stimula¬ 
tion  of  ATF4  protein  was  observed  1  h  after  PTH  addition 
with  maximal  induction  occurring  at  3  h  and  lasting  for  at 
least  5  h  (Fig.  I,  B  and  C).  PTH  similarly  increased  Atf4  and 
Ocn  mRNA  expression  in  mouse  primary  bone  marrow  stro¬ 
mal  cells  (BMSCs)  (see  Fig.  7,  B  and  C).  To  assess  the  mo¬ 
lecular  mechanisms  of  PTH  stimulation  of  Atf4  mRNA  ex¬ 
pression,  MC-4  cells  were  treated  with  and  without 
inhibitors  of  transcription  and  translation  in  the  presence  and 
absence  of  PTH  (10  7  m)  for  6  h.  As  shown  in  Fig.  2A,  the 
protein  synthesis  inhibitor  CHX  alone  induced  Atf4  mRNA 
by  4-fold,  which  is  typically  observed  in  immediate  early 
response  genes  such  as  Pra-2  (15).  The  PTH-stimulation  of 


Atf4  mRNA  was  not  blocked  by  CHX  treatment,  suggesting 
that  de  novo  protein  synthesis  is  not  necessary  for  the  PTH 
regulation.  In  contrast,  the  transcription  inhibitor  ActD  com¬ 
pletely  abolished  the  PTH-stimulated  Atf4  mRNA  induction 
(Fig.  2B),  suggesting  that  the  PTH  effect  requires  transcription. 

PTH  increases  ATF4-dependent  transcriptional  activity 
in  osteoblasts 

The  effect  of  PTH  on  ATF4-dependent  transcriptional  ac¬ 
tivity  was  evaluated  in  two  osteoblast  cell  lines  and  primary 
mouse  bone  marrow  stromal  cells.  Cells  were  transiently 
transfected  with  wt  or  mt  p40SEl-luc,  an  artificial  promoter 
containing  four  copies  of  wt  or  mt  OSE1  (a  specific  ATF4- 
binding  element)  fused  to  a  —34  to  +13  minimal  mOG2 
promoter,  and  pRL-SV40,  a  renilla  luciferase  normalization 
plasmid.  After  42  h,  cells  were  treated  with  PTH  (10-7  m)  for 
6  h  followed  by  dual-luciferase  assay.  Firefly  luciferase  ac¬ 
tivity  was  normalized  to  renilla  luciferase  activity  as  a  control 
for  transfection  efficiency.  As  shown  in  Fig.  3A,  PTH  stim¬ 
ulated  ATF4-dependent  OSE1  activity  by  17-,  2.7-,  and  2.8- 
fold  in  MC-4,  UMR106-01,  and  primary  BMSCs  (P  <  0.05, 
control  vs.  PTH),  respectively.  This  PTFI  response  was  com¬ 
pletely  lost  with  the  introduction  of  a  3-bp  point  mutation  in 
the  OSE1  core  sequence  (from  TTACATCA  to  TTAGTACA). 
(Note  that  there  are  no  additional  OSE1  sites  in  the  upstream 
region  of  the  mOG2  promoter.)  Figure  3B  shows  that  PTH 
stimulated  ATF4-dependent  transcriptional  activity  in  a 
dose-dependent  manner  with  a  significant  stimulatory  effect 
first  detected  at  a  concentration  of  1 0  1 0  m.  This  is  consistent 
with  our  previous  study  that  examined  effects  of  PTH  on 
endogenous  Ocn  mRNA  (33).  Time-course  studies  revealed 
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that  the  earliest  effect  of  PTH  stimulation  was  seen  within  1  h 
and  peaked  at  5-6  h  (Fig.  3C). 

PTH  increases  ATF4  binding  to  OSE1  DNA 

To  determine  whether  PTH  increases  ATF4  binding  to 
OSE1  DNA,  we  performed  GMSA  using  nuclear  extracts 
from  MC-4  cells  with  and  without  1 0  7  m  PTH  for  6  h. 
Consistent  with  our  previous  observation  (33),  nuclear  ex¬ 
tracts  from  PTH-treated  MC-4  cells  exhibited  increased  bind¬ 
ing  to  intact  OSE1  oligonucleotides  (Fig.  4A,  lanes  2  and  3), 
and  this  binding  was  significantly  reduced  by  the  addition 
of  25-  and  50-fold  molar  excesses  of  unlabeled  wt  OSE1 
oligonucleotides  (Fig.  4A,  lanes  4  and  5)  but  not  by  unlabeled 
mt  OSE1  oligonucleotides  (Fig.  4A,  lane  6  and  7).  In  contrast, 
GMSA  using  labeled  mt  OSE1  oligonucleotides  as  probes 
showed  that  both  basal  and  PTH-induced  binding  activity 
was  abolished  by  the  same  3-bp  point  mutation  (Fig.  4B,  lanes 
4-6).  The  same  mutation  also  abolished  PTH  activation  of 
647-  and  116-bp  mOG2  promoter  fragments  and  40SE1  (33) 
(Fig.  3A).  Importantly,  PTH-increased  binding  to  OSE1  was 
supershifted  with  an  anti-ATF4  antibody  (Fig.  4C,  lanes  4). 
In  contrast,  normal  IgG  or  antibodies  against  Runx2,  CREB, 
ATF1,  and  Fra-1  did  not  significantly  supershift  the  PTH- 
stimulated  band  (Fig  4C,  lanes  3-8).  Taken  together,  these 
studies  demonstrate  that  ATF4  is  a  component  of  the  PTH- 
stimulated  DNA-protein  complex  associating  with  OSE1. 
[Note  that  PTH  treatment  did  not  alter  binding  of  Runx2  to 
OSE2  DNA  in  the  mOG2  promoter  in  GMSA  (33).] 


Protein  kinase  A  (PKA)  is  the  major  signaling  pathway 
mediating  the  PTH  response 

To  identify  signaling  pathways  mediating  PTH  activation 
of  ATF4  transcriptional  activity,  we  examined  the  effects  of 
various  inhibitors  or  activators.  As  shown  in  Fig.  5A,  H89,  a 
selective  inhibitor  of  the  PKA  pathway,  completely  abolished 
PTH-stimulated  ATF4  transcriptional  activity  (P  >  0.05,  con¬ 
trol  vs.  PTH).  GF109203X,  a  specific  inhibitor  of  the  protein 
kinase  C  (PKC)  pathway,  significantly  decreased  the  PTH 
stimulation.  U0126,  a  specific  inhibitor  of  MAPK,  partially 
suppressed  PTH  stimulation.  As  shown  in  Fig.  5B,  FSK,  a 
well-known  activator  of  PKA,  increased  ATF4  activity  in  the 
absence  of  PTH  in  a  dose-dependent  manner.  In  combination 
with  PTH,  the  effect  of  FSK  was  not  additive,  indicating  that 
the  PKA  pathway  was  maximally  stimulated.  PMA,  a  PKC 
activator,  did  not  significantly  affect  the  PTH-induced  ATF4 
activity  at  a  concentration  range  of  0.1-5  pM.  A  higher  con¬ 
centration  of  PMA  (20  /j,m)  slightly  increased  PTH-stimu¬ 
lated  ATF4  activity  without  changing  the  basal  activity  (Fig. 
5C).  Taken  together,  these  results  indicate  that  PKA  is  the 
major  pathway  mediating  PTH  activation  of  ATF4  in  osteo¬ 
blasts  with  PKC  and  MAPK/ERK  pathways  playing  lesser 
roles  in  the  PTH  response.  The  concentrations  of  the  inhib¬ 
itors  or  activators  used  in  this  study  are  in  the  range  reported 
to  selectively  affect  the  relevant  pathways  (33,  51-53).  We 
found  no  evidence  of  toxicity;  compounds  did  not  reduce  cell 
DNA  or  protein  under  the  current  condition  (data  not 
shown). 


Fig.  5.  PKA  is  the  major  signaling 
pathway  mediating  the  PTH  response. 
A,  Effects  of  inhibitors/activators  on 
PTH-induced  ATF4  transcriptional  ac¬ 
tivity.  MC-4  cells  were  transiently 
transfected  with  p40SEl-luc  and  re- 
nilla  luciferase  normalization  plasmid. 
After  42  h,  cells  were  treated  with  10  pM 
inhibitors/activators  in  the  absence  or 
presence  of  10~7  m  PTH  for  6  h  followed 
by  dual-luciferase  assay.  Compounds 
used  were:  H89,  a  PKA  inhibitor;  FSK, 
a  PKA  activator;  GF109203X,  a  PKC 
inhibitor;  PMA,  a  PKC  activator; 
U0126,  a  MAPK  inhibitor;  and  U0124, 
an  inactive  analog  of  U0126.  B  and  C, 
Dose-response  of  FSK  (B)  and  PMA  (C) 
on  PTH  stimulation  of  ATF4  transcrip¬ 
tional  activity.  MC-4  cells  were  tran¬ 
siently  transfected  as  in  Fig.  5A  and 
treated  with  indicated  concentration  of 
respective  activator  for  6  h  in  the  ab¬ 
sence  and  presence  of  10~7  M  PTH  fol¬ 
lowed  by  dual-luciferase  assay.  Data 
represent  mean  ±  SD.  Experiments 
were  repeated  three  times  and  qualita¬ 
tively  identical  results  were  obtained.  *, 
P  <  0.05  [control  (ctrl)  vs.  PTH]. 
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PTH-dependent  induction  of  Ocn  gene  expression 
requires  ATF4 

We  used  two  separate  approaches  to  establish  the  require¬ 
ments  for  ATF4  in  the  regulation  of  Ocn  gene  expression  by 
PTH.  First,  we  examined  whether  ATF4  is  necessary  for  PTH 
induction  of  Ocn  mRNA  expression  in  osteoblasts  by  knock¬ 
ing  down  endogenous  Atf4  transcripts  using  siRNA.  MC-4 
cells,  which  express  high  levels  of  Atf4  mRNA,  were  tran¬ 
siently  transfected  with  ATF4  siRNA  or  negative  control 
siRNA  (Invitrogen)  using  LipofectAMINE  2000  according  to 
the  manufacturer's  instructions.  This  siRNA  specifically  tar¬ 
gets  mouse  Atf4  (49).  As  shown  in  Fig.  6A,  quantitative 
real-time  RT-PCR  analysis  showed  that  ATF4  siRNA  (20  and 
40  nM)  efficiently  reduced  the  levels  of  Atf4  mRNA  by  57  and 
71%,  respectively.  In  contrast,  the  negative  control  siRNA  did 
not  reduce  the  Atf4  mRNA  (Fig.  6B).  As  shown  in  Fig.  6C,  the 
basal  level  of  Ocn  mRNA  was  reduced  greater  than  70%  by 
ATF4  siRNA  (P  <  0.05,  control  vs.  ATF4  siRNA).  Impor¬ 
tantly,  PTH-stimulated  Ocn  mRNA  was  completely  abol¬ 
ished  in  ATF4  siRNA  group  relative  to  the  control  siRNA 
group.  Conversely,  Coll(I)  mRNA  was  not  altered  by  ATF4 
siRNA  or  PTH  (Fig.  6D).  Similar  results  were  obtained  when 
a  different  set  of  ATF4  siRNAs  was  used  in  MC-4  cells  (data 
not  shown). 

To  further  establish  the  requirement  for  ATF4  in  the  PTH 
response,  primary  BMSCs  were  isolated  from  wt  and  Atf4~/~ 
mice  (Fig.  7A)  and  treated  with  or  without  PTH  (10  7  m)  for 
6  h  followed  by  RNA  preparation  and  quantitative  real-time 
PCR  analysis.  As  shown  in  Fig.  7B,  minimal  Atf4  mRNA  was 
detected  by  real-time  RT/PCR  in  the  At/4_/_  BMSCs.  Con¬ 
sistent  with  the  results  of  experiments  with  MC-4  cells,  PTH 


significantly  stimulated  Atf4  mRNA  in  wt  BMSCs  (P  <  0.05, 
control  vs.  PTH),  but  this  induction  was  completely  lost  in 
cells  from  Atf4~/~  mice  (Fig.  7B).  As  shown  in  Fig.  7C,  PTH 
significantly  increased  Ocn  mRNA  in  wt  BMSCs,  which  was 
abolished  in  Af/4_/~  BMSCs  (P  >  0.05,  control  vs.  PTH).  The 
basal  level  of  Ocn  mRNA  was  also  significantly  reduced  in 
Af/4_/”  BMSCs  relative  to  wt  cells  (P  <  0.05,  wt  vs.  mt).  In 
contrast,  PTH  did  not  increase  Opn  mRNA  in  wt  or  mt 
BMSCs  (P  >  0.05,  control  vs.  PTH)  (Fig.  7D).  However,  the 
level  of  Opn  mRNA  was  increased  in  Af/4_/~  cells  (P  <  0.05, 
wt  vs.  mt),  indicating  that  ATF4  may  function  as  a  negative 
regulator  of  Opn  expression  (Fig.  7D).  In  addition,  the  levels 
of  Pthlr  mRNA  were  not  significantly  changed  by  either 
ATF4  deficiency  or  PTH,  suggesting  that  PTH  signaling  is 
intact  in  the  absence  of  ATF4  (Fig.  7E).  Taken  together,  these 
data  clearly  establish  that  ATF4  is  required  for  PTH  induc¬ 
tion  of  Ocn  mRNA  in  primary  BMSCs. 

Discussion 

This  study  examined  actions  of  PTH  on  ATF4  expression 
and  activity  in  osteoblasts.  Using  the  Ocn  gene  as  a  model 
system  for  studying  PTH-dependent  transcription,  we  found 
the  following:  1)  PTH  rapidly  induces  Af/4  expression  in 
MC-4  cells  and  mouse  primary  bone  marrow  stromal  cells  in 
a  time-  and  dose-dependent  manners;  2)  PTH  increases  in 
vitro  binding  of  ATF4  to  OSE1  DNA;  3)  PTH  dramatically 
activates  ATF4  transcriptional  activity  mainly  through  the 
PKA  pathway;  4)  PTH  stimulation  of  Ocn  gene  expression 
requires  ATF4  because  it  is  abolished  by  ATF4  siRNA  in 
MC-4  cells  and  is  not  seen  in  ATF4-deficeint  BMSCs.  Col- 
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Fig.  6.  ATF4  siRNA  blocks  PTH  stimula¬ 
tion  of  Ocn  expression.  A  and  B,  MC-4  cells 
were  transiently  transfected  with  Atf4 
siRNA  (A)  or  negative  control  (Ctrl)  siRNA 
(B).  After  48  h,  total  RNA  was  prepared  for 
quantitative  real-time  RT-PCR  analyses 
for  Atf4  mRNA,  which  was  normalized  to 
Gapdh  mRNA.  C  and  D,  MC-4  cells  were 
transiently  transfected  with  40  nM  Atf4 
siRNA  or  negative  control  siRNAs.  After 
42  h,  cells  were  treated  with  and  without 
10~7  M  PTH  for  6  h  followed  by  RNA  prep¬ 
aration  and  quantitative  real-time  RT- 
PCR  analyses  for  Ocn  and  Coll(I)  mRNAs, 
which  were  normalized  to  the  Gapdh 
mRNAs.  *,  P  <  0.05  (ctrl  us.  PTH);  #,  P  < 
0.05  (ctrl  siRNA  vs.  ATF4  siRNA).  Data 
represent  mean  ±  SD.  Experiments  were 
repeated  three  times,  and  qualitatively 
identical  results  were  obtained. 


0  20  40 

ATF4  siRNA(nM) 


B  1.5  -| 

•in 

0  40 
Ctrl  siRNA  (nM) 


Ctrl  siRNA  ATF4  siRNA 


Ctrl  siRNA  ATF4  siRNA 


Downloaded  from  endo.endojournals.org  by  on  May  29,  2009 


1966  Endocrinology,  April  2008,  149(4):  1960-1968 


Yu  et  al.  •  ATF4  Mediates  PTH-Induced  Osteocalcin  Expression 


A  PCR  genotyping 


B  Atf4  mRNA 


C 


+/+  +/-  -/- 


-900-bp 

-700-bp 


Ctrl 

■  PTH 


# 


H 


wt  mt 


Ocn  mRNA 


D  Opn  mRNA 


E  Pthlr  mRNA 


Fig.  7.  PTH  stimulation  of  Ocn  expression  is  lost  in  Atf4~'  ~  BMSCs.  A,  PCR  genotyping  was  performed  on  tail  DNA  using  a  cocktail  of  three 
primers  (see  Materials  and  Methods).  A  700-bp  DNA  PCR  product  is  amplified  from  Atf4~'  ~  mouse  tail  DNA  and  a  900-bp  product  from  wild-type 
mice.  B-E,  Effects  of  ATF4  deficiency  on  PTH  stimulation  of  Atf4  (B),  Ocn  (C),  Opn  (D),  and  Pthlr  (E)  expression  in  BMSCs.  Primary  BMSCs 
were  seeded  at  a  density  of  50,000  cells/cm2  in  35-mm  dishes  and  cultured  in  10%  FBS  medium  overnight.  Cells  were  then  treated  with  10~7 
M  PTH  for  6  h  followed  by  RNA  preparation  and  quantitative  real-time  RT/PCR  for  Atf4  (B),  Ocn  (C),  Opn  (D),  and  Pthlr  (E)  mRNA,  which 
were  normalized  to  the  Gapdh  mRNAs.  *,  P  <  0.05  (ctrl  vs.  PTH);  #,  P  <  0.05  (wt  vs.  mt).  Data  represent  mean  ±  SD.  Experiments  were  repeated 
three  times,  and  qualitatively  identical  results  were  obtained. 


lectively,  this  study  establishes  that  ATF4  is  a  novel  down¬ 
stream  target  of  PTH  actions  in  osteoblasts. 

It  is  well  documented  that  PTH  signals  mainly  through  the 
PKA  pathway.  In  the  present  study,  we  show  that  PKA 
inhibition  completely  blocked  PTH  stimulation  of  ATF4  ac¬ 
tivity.  Furthermore,  activation  of  the  PKA  pathway  by  FSK 
dramatically  increased  ATF4  activity  in  the  absence  of  PTH. 
However,  when  combined  with  PTH,  the  effect  of  FSK  was 
not  additive.  These  results  strongly  suggest  that  PKA  is  the 
major  pathway  for  PTH  to  activate  ATF4  because  each  agent 
(i.e.  FSK  or  PTH)  maximally  stimulates  the  same  pathway, 
making  additional  ATF4  activation  impossible.  Inhibition  of 
the  PKC  pathway  also  resulted  in  a  significant  reduction  in 
PTH-induced  ATF4  activity  (data  not  shown),  but  PKC  ac¬ 
tivation  by  PMA  failed  to  activate  both  basal  or  PTH-induced 
ATF4  activity.  Thus,  PKC  is  partially  required  for  PTH  ac¬ 
tivation  of  ATF4.  Lastly,  inhibition  of  the  MAPK/ERK  path¬ 
way  led  to  partial  inhibition  of  the  PTH  stimulation.  These 
three  pathways  are  also  required  for  PTH  induction  of  both 
Ocn  mRNA  and  1.3-kb  mOG2  promoter  activity  as  previ¬ 
ously  described  (33),  further  supporting  our  hypothesis  that 
ATF4  mediates  PTH  induction  of  Ocn  gene  expression. 

A  recent  study  showed  that  ATF4  mediates  j3-adrenergic 
induction  of  Rankl  mRNA  expression  via  direct  binding  to 
the  upstream  OSE1  site  in  the  Rankl  promoter  in  osteoblasts 
(54).  However,  PTH  stimulation  of  Rankl  expression  was  not 
reduced  in  the  absence  of  ATF4,  suggesting  that  this  catabolic 
action  of  PTH  is  independent  of  this  transcription  factor. 


Phosphorylation  seems  to  be  critical  for  ATF4  to  elicit  its 
function  in  osteoblasts  and  bone.  A  PKA  phosphorylation 
site  (serine  254)  within  the  ATF4  molecule  was  recently 
shown  to  mediate  j3-adrenergic  induction  of  Rankl  mRNA 
expression  in  osteoblasts  (54).  In  addition,  ATF4  is  phos- 
phorylated  at  serine  251  by  ribosomal  kinase  2  (RSK2),  the 
kinase  inactivated  in  Coffin-Lowry  syndrome,  an  X-linked 
mental  retardation  disorder  associated  with  skeletal  mani¬ 
festations  (29).  Because  RSK2  is  an  immediate  downstream 
target  of  MAPK/ERK  that  is  activated  by  PTH  signaling  (8, 
9),  PTH  may  in  part  activate  ATF4  via  the  MAPK/ERK/ 
RSK2  pathway.  It  remains  to  be  determined  whether  the  PKA 
and/ or  RSK2  phosphorylation  sites  are  involved  in  the  PTH 
activation  of  ATF4. 

One  of  the  major  downstream  factors  for  PTH  signaling  is 
CREB,  the  cAMP  response  element  binding  protein.  Actions 
of  CREB  are  mediated  through  cAMP  response  elements 
(CREs)  in  the  regulatory  regions  of  target  genes.  PTH  phos- 
phorylates  CREB  at  serine  133.  This  phosphorylation  event 
stimulates  the  binding  of  CREB  to  the  CRE  and  is  required 
for  CREB  to  activate  transcription  of  target  genes.  Through 
this  classical  pathway,  PTH  rapidly  induces  transcription  of 
immediate-early  response  genes  including  those  encoding 
activator  protein-1  family  members  such  as  c-Fos,  c-Jun, 
Fra-1,  Fra-2,  and  FosB  (10, 14, 15, 52, 55-57).  Although  CREB 
was  shown  to  binding  to  the  OSE1  site  (29),  overexpression 
of  CREB  was  unable  to  activate  OSEl-dependent  transcrip¬ 
tion  activity  of  the  mOG2  promoter  in  vitro  (29),  suggesting 
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that  this  site  is  not  a  major  functional  site  for  CREB.  Fur¬ 
thermore,  the  OSE1  binding  activity  stimulated  by  PTH  was 
not  supershifted  by  an  anti-CREB  antibody.  Instead,  this 
complex  clearly  contains  ATF4  protein  (Fig.  4C).  Thus,  we 
were  unable  to  obtain  any  evidence  for  the  involvement  of 
CREB  in  the  PTH  response.  However,  our  results  do  not 
exclude  the  possibility  that  PTH/ CREB  activates  Atf4  mRNA 
transcription  via  CREB  binding  to  potential  CRE  sites  in  the 
Atf4  promoter. 

PTH  induction  of  immediate-early  response  genes  occurs 
very  rapidly  (minutes  to  hours)  and  lasts  for  several  hours. 
This  PTH  response  is  usually  independent  upon  the  presence 
of  de  novo  protein  synthesis  but  requires  active  cellular  tran¬ 
scription.  The  time-course  experiments  in  the  present  study 
indicate  that  PTH  induction  of  Atf4  occurs  within  1  h  of  PTH 
addition  and  peaks  after  3-6  h.  Furthermore,  this  regulation 
depends  on  active  cellular  transcription  and  does  not  require 
de  novo  protein  synthesis.  Therefore,  ATF4  may  be  consid¬ 
ered  as  an  additional  PTH  early  response  gene. 

ATF4-deficeint  mice  as  well  as  humans  with  mutations  in 
RSK2,  an  ATF4  activating  kinase,  exhibit  striking  deficits  in 
bone  formation  and  osteoblast  activity.  Because  ATF4  is  re¬ 
quired  for  osteoblast  function  and  bone  formation  in  vivo, 
and  as  shown  herein,  ATF4  is  a  novel  downstream  target  of 
PTH  in  osteoblasts,  it  will  be  important  to  determine  whether 
ATF4  is  also  required  for  the  anabolic  actions  of  PTH  in  bone. 
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ATF4  (activating  transcription  factor  4)  is  an  osteoblast-en¬ 
riched  transcription  factor  that  regulates  terminal  osteoblast 
differentiation  and  bone  formation.  ATF4  knock-out  mice  have 
reduced  bone  mass  (severe  osteoporosis)  throughout  life.  Runx2 
(runt-related  transcription  factor  2)  is  a  runt  domain-contain¬ 
ing  transcription  factor  that  is  essential  for  bone  formation  dur¬ 
ing  embryogenesis  and  postnatal  life.  In  this  study,  we  identified 
general  transcription  factor  IIAy  (TFIIAy)  as  a  Runx2-interact- 
ing  factor  in  a  yeast  two-hybrid  screen.  Immunoprecipitation 
assays  confirmed  that  TFIIAy  interacts  with  Runx2  in  osteo¬ 
blasts  and  when  coexpressed  in  COS-7  cells  or  using  purified 
glutathione  S-transferase  fusion  proteins.  Chromatin  immuno¬ 
precipitation  assay  of  MC3T3-E1  (clone  MC-4)  preosteoblast 
cells  showed  that  in  intact  cells  TFIIAy  is  recruited  to  the  region 
of  the  osteocalcin  promoter  previously  shown  to  bind  Runx2  and 
ATF4.  A  small  region  of  Runx2  (amino  acids  258-286)  was 
found  to  be  required  for  TFIIAy  binding.  Although  TFIIAy 
interacts  with  Runx2,  it  does  not  activate  Runx2.  Instead, 
TFIIAy  binds  to  and  activates  ATF4.  Furthermore,  TFIIAy 
together  with  ATF4  and  Runx2  stimulates  osteocalcin  promoter 
activity  and  endogenous  mRNA  expression.  Small  interfering 
RNA  silencing  of  TFIIAy  markedly  reduces  levels  of  endoge¬ 
nous  ATF4  protein  and  Ocn  mRNA  in  osteoblastic  cells.  Over¬ 
expression  of  TFIIAy  increases  levels  of  ATF4  protein.  Finally, 
TFIIAy  significantly  prevents  ATF4  degradation.  This  study 
shows  that  a  general  transcription  factor,  TFIIAy,  facilitates 
osteoblast-specific  gene  expression  through  interactions  with 
two  important  bone  transcription  factors  ATF4  and  Runx2. 


Skeletal  integrity  requires  a  balance  between  bone-forming 
cells  (osteoblasts)  and  bone-resorbing  cells  or  osteoclasts. 
Imbalance  between  bone  formation  and  resorption  results  in 
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metabolic  bone  diseases  such  as  osteoporosis.  Multipotential 
mesenchymal  cells  proliferate  and  differentiate  into  osteoblasts 
that  synthesize  and  deposit  the  mineralizing  extracellular 
matrix  of  bone.  Osteoblast  activity  is  regulated  by  a  number  of 
growth  factors  and  hormones,  including  bone  morphogenetic 
proteins,  insulin-like  growth  factor  1,  basic  fibroblast  growth 
factor  2,  parathyroid  hormone,  tumor  necrosis  factor-a,  and 
extracellular  matrix  signals  (1-9).  Runx2  is  a  runt  domain-con¬ 
taining  transcription  factor  identified  as  a  transcriptional  acti¬ 
vator  of  osteoblast  differentiation  and  the  master  gene  for  bone 
development  in  vitro  and  in  vivo  (10-14).  Runx2  knock-out 
mice  die  at  birth  and  completely  lack  both  skeletal  ossification 
and  mature  osteoblasts  (10,  12).  Runx2  haplo-insufficiency 
causes  the  skeletal  disorder,  cleidocranial  dysplasia,  a  disease 
characterized  by  defective  endochondral  and  intramembra- 
nous  bone  formation.  Runx2  is  expressed  in  mesenchymal  con¬ 
densations  during  early  development  at  Ell. 5  and  acts  as  an 
osteoblast  differentiation  factor  (13). 

ATF4  (activating  transcription  factor  4),  also  known  as 
CREB2  (cAMP-response  element-binding  protein  2)  (15)  and 
Tax-responsive  Enhancer  Element  B67  (TAXREB67)  (16),  is  a 
member  of  the  activating  transcription  factor  cAMP-response 
element-binding  protein  family  of  leucine  zipper  factors  that 
also  includes  cAMP-response  element-binding  protein,  cAMP- 
response  element  modulator  (CREM)2  ATF1,  ATF2,  ATF3,  and 
ATF4  (17-21).  These  proteins  bind  to  DNA  via  their  basic 
region  and  dimerize  via  their  leucine  domain  to  form  a  large 
variety  of  homodimers  and/or  heterodimers  that  allow  the  cell 
to  coordinate  signals  from  multiple  pathways  (17-21).  An  in 
vivo  role  for  ATF4  in  bone  development  was  established  using 
Af/^-deficient  mice  (22).  ATF4  is  required  for  expression  of 
osteocalcin  ( Ocn )  and  bone  sialoprotein  ( Bsp )  as  demonstrated 
by  a  dramatic  reduction  of  their  mRNAs  in  Atf4~'~  bone  (22). 
ATF4  activates  Ocn  transcription  through  direct  binding  to  the 
OSE1  site  of  the  mOG2  promoter.  In  addition,  ATF4  interacts 
with  Runx2  in  osteoblasts  or  when  coexpressed  in  COS-7  cells. 
ATF4  and  Runx2  cooperatively  regulate  Ocn  transcription 
through  interactions  with  OSE1  (osteoblast-specific  element  1) 


2  The  abbreviations  used  are:  CREM,  cAMP-response  element  modulator; 
TFIIAy,  transcription  factor  IIAy;  ChIP,  chromatin  immunoprecipitation; 
GST,  glutathione  S-transferase;  WB,  Western  blot;  IP,  immunoprecipitation; 
FBS,  fetal  bovine  serum;  RT,  reverse  transcription;  siRNA,  small  interfering 
RNA;  aa,  amino  acids;  CHX,  cycloheximide;  VDR,  vitamin  D  receptor. 
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and  OSE2  (osteoblast-specific  element  2,  also  known  as  nuclear 
matrix  protein  2  or  NMP2-binding  site)  sites  in  the  promoter 
(23-25). 

One  of  the  most  striking  characteristics  of  ATF4  protein  is  its 
very  short  half-life  (30  -  60  min)  in  many  cell  types  (26).  ATF4  is 
rapidly  degraded  via  a  ubiquitin/proteasomal  pathway.  This 
degradation  requires  the  presence  of  the  serine  residue  219  in 
the  context  of  DSGXXXS  within  the  ATF4  molecule  and  its 
phosphorylation  by  an  unknown  kinase.  This  phosphorylation 
was  shown  to  be  required  for  subsequent  recognition  by  the 
SCF,iTrCP  and  degradation  by  the  26  S  proteasome  (27). 
Although  Atf4  mRNA  is  ubiquitously  expressed,  ATF4  protein 
preferentially  accumulates  in  osteoblasts  (28).  This  accumula¬ 
tion  is  explained  by  a  selective  reduction  of  proteasomal  degra¬ 
dation  in  osteoblasts.  Indeed,  inhibition  of  the  ubiquitin/pro¬ 
teasomal  pathway  by  MG115,  which  blocks  the  N-terminal 
threonine  in  the  active  site  of  j3-subunit  of  26  S  proteasomal 
complex  (29,  30),  led  to  ATF4  accumulation  and  induced  Ocn 
mRNA  expression  in  non-osteoblastic  cells  (28).  These 
observations  suggest  that  modulation  of  ATF4  stability  con¬ 
stitutes  an  important  step  to  control  its  protein  level  and 
activity  and,  ultimately,  osteoblast-specific  gene  expression 
and  bone  formation. 

Transcription  factor  II A  (TFIIA)  is  a  general  transcription 
factor  consisting  of  three  subunits  designated  TFIIAa,  TFIIAjS, 
and  TFIlAy  (31).  TFIIA  interacts  with  and  stabilizes  TFIID 
(also  known  as  TBP,  TATA  box-binding  protein)  to  DNA  and 
activates  transcription  (32,  33).  Although  TFIIA  was  classified 
as  a  general  transcription  factor  when  it  was  first  identified, 
more  and  more  evidence  shows  that  this  elusive  factor  may  play 
an  important  role  in  the  regulation  of  tissue-specific  gene 
expression  via  interactions  with  tissue-  or  cell  type-specific 
transcription  factors  (34-36). 

The  Ocn  promoter  has  been  the  major  paradigm  for  unrav¬ 
eling  the  mechanisms  mediating  osteoblast-specific  gene 
expression  and  defining  a  number  of  key  transcription  factors 
or  cofactors  (13, 14,  23-25,  37-41).  However,  very  few  studies 
have  focused  on  how  tissue-specific  transcription  factors  inter¬ 
face  with  general  transcriptional  initiation  factors  in  osteo¬ 
blasts.  In  this  study,  by  using  a  combination  of  a  yeast  two- 
hybrid  system  and  pulldown  assays  as  well  as  functional  assays, 
we  show  that  TFIlAy,  the  smallest  subunit  (12  kDa)  of  TFIIA 
(42),  interacts  with  both  Runx2  and  ATF4.  TFIlAy  delays  ATF4 
protein  degradation  and  increases  its  activity.  Together  with 
ATF4  and  Runx2,  TFIlAy  enhances  osteoblast-specific  Ocn 
gene  expression. 

EXPERIMENTAL  PROCEDURES 

Reagents — Tissue  culture  media  were  purchased  from 
Invitrogen  and  fetal  bovine  serum  from  HyClone  (Fogan,  UT). 
Other  reagents  were  obtained  from  the  following  sources:  anti¬ 
bodies  against  TFIIA-a,  TFIIA-y,  ATF4,  Runx2,  and  horserad¬ 
ish  peroxidase-conjugated  mouse  or  goat  IgG  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA),  mouse  monoclonal  antibody 
against  /3-actin  from  Sigma,  and  GST  antibody  from  Amersham 
Biosciences.  All  other  chemicals  were  of  analytical  grade. 

Cell  Cultures — Mouse  MC3T3-E1  subclone  4  (MC-4)  cells 
were  described  previously  (43,  44)  and  maintained  in  ascorbic 


acid-free  a-modified  Eagle’s  medium,  10%  fetal  bovine  serum 
(FBS),  and  1%  penicillin/streptomycin  and  were  not  used 
beyond  passage  15.  C2C12  myoblasts,  a  gift  from  Dr.  Daniel 
Goldman  (University  of  Michigan,  Ann  Arbor,  MI), 
C3H10T1/2  fibroblasts  (American  Type  Culture  Collection), 
and  3T3-F1  mouse  preadipocytes  (American  Type  Culture 
Collection)  were  maintained  in  Dulbecco’s  modified  Eagle’s 
medium,  10%  FBS.  F9  teratocarcinoma  cells  (American  Type 
Culture  Collection)  and  rat  ROS17/2.8  osteosarcoma  cells  (gift 
from  Dr.  Faurie  McCauley,  University  of  Michigan  School  of 
Dentistry)  were  grown  in  modified  Eagle’s  medium,  10%  FBS. 

Yeast  Two-hybrid  Analysis — A  yeast  pFexA  two-hybrid  sys¬ 
tem  (Clontech)  was  used  to  identify  proteins  that  bind  to  mouse 
Runx2.  A  cDNA  fragment  encoding  the  aa-263-351  region  of 
Runx2  was  subcloned  into  the  BamHI/XhoI  sites  of  pFexA,  cre¬ 
ating  an  in-frame  fusion  with  the  DNA  binding  domain  of  the 
LexA  gene  that  is  controlled  by  the  strong  yeast  ADH1  pro¬ 
moter.  The  resultant  plasmid  pFexA-Runx2  (aa  263-351)  was 
then  transformed  into  ayeast  reporter  strain  (YM4271),  and  the 
transformed  cells  (1  X  109)  were  mated  for  24  h  with  cells  (2.5  X 
10s)  of  a  pretransformed  two-hybrid  library  made  from  human 
brain  cDNA.  The  resultant  mating  mixture  was  spread  on  20  X 
10-cm  plates  to  select  for  expression  of  the  LEU2  and  lacZ 
reporter  genes.  Approximately  2  X  106  colonies  were  screened. 
Sixty  four  positive  colonies  were  isolated.  The  prey  plasmids 
were  extracted  from  the  positive  colonies  and  the  cDNA  inserts 
in  the  plasmids  were  amplified  by  PCR  and  sequenced.  Of  the 
64  positive  colonies,  5  are  the  full-length  TFIlAy  cDNAs,  and 
the  rest  contained  16  different  cDNAs. 

DNA  Constructs  and  Transfection — p657mOG2-luc,  p657m- 
OG20SElmt-luc,  p657m0G20SE2mt-luc,  p657mOG2- 
(OSE1  +  2)mt-luc,  p40SEl-luc,  p40SElmt-luc,  p60SE2-luc, 
p60SE2mt-luc,  pCMV/  |3-galactosidase,  pCMV/ATF4,  pCMV/ 
Runx2,  pCMV/FFAG-Runx2  and  its  deletion  mutants  (aa 
1-330,  aa  1-286,  and  aa-258),  GST-Runx2  and  GST-ATF4 
fusion  protein  expression  vectors  were  described  previously  (1, 
13,  23,  25,  45).  The  full-length  cDNA  of  human  TFIIA-y  was 
cloned  by  an  RT-PCR  strategy  using  total  RNA  from  human 
Saos2  osteoblastic  cells  as  a  template  and  specific  primers  (for¬ 
ward,  5'-ATG  GCA  TAT  CAG  TTA  TAC  AG  A  AA-3',  and 
reverse,  5'-TTC  TGT  AGT  ATT  GGA  GCC  AGT  A-3'). 
Digested  PCR  products  were  purified  and  subcloned  into  the 
Notl/BamHI  sites  of  the  pFLAG-5a  expression  vector  (Sigma). 
Addition  of  a  C-terminal  FLAG  sequence  into  the  TFIIA-y 
cDNA  facilitates  monitoring  of  expression  levels  and  immuno- 
precipitation  using  M2  antibody  (Sigma).  GST-TFIIAy  fusion 
protein  expression  plasmid  was  constructed  by  subcloning  the 
full-length  TFIlAy  cDNA  into  the  glutathione  S-transferase 
gene  fusion  vector  pGEX-4T-l  (Amersham  Biosciences)  in  cor¬ 
rect  reading  frame.  The  accuracy  of  DNA  sequences  was  veri¬ 
fied  by  automatic  sequencing.  The  size  of  expressed  proteins 
was  confirmed  by  Western  blot  analysis  using  specific  antibod¬ 
ies.  For  expression  and  functional  studies,  cells  were  plated  on 
35-mm  dishes  at  a  density  of  5  X  104  cells/cm2.  After  24  h,  cells 
were  transfected  with  the  indicated  plasmid  DNAs  (0.01  p g  of 
pRL-SV40,  0.25  pg  of  test  luciferase  reporter,  and  1.0  pg  of 
expression  plasmids  balanced  as  necessary  with  j3-galactosid- 
ase  expression  plasmid  such  that  the  total  DNA  was  constant) 
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and  Lipofectamine  2000  (Invitrogen)  according  to  manufactur¬ 
er’s  instructions.  After  36  h,  whole  cell  extracts  were  prepared 
and  used  for  W estern  blot  analysis  or  dual  luciferase  assay  using 
the  dual  luciferase  assay  kit  (Promega,  Madison,  WI)  on  a  Veri¬ 
tas™  microplate  luminometer  (Turner  Biosystem,  Inc., 
Sunnyvale,  CA).  Firefly  luciferase  activity  was  normalized  to 
Renilla  luciferase  activity  for  transfection  efficiency. 

RNA  Isolation  and  Reverse  Transcription  (RT) — Total  RNA 
was  isolated  using  TRIzol  reagent  (Invitrogen)  according  to  the 
manufacturer’s  protocol.  RT  was  performed  using  2  pg  of  dena¬ 
tured  RNA  and  100  pmol  of  random  hexamers  (Applied  Bio¬ 
system,  Foster,  CA)  in  a  total  volume  of  25  pi  containing  12.5 
units  of  MultiScribe  reverse  transcriptase  (Applied  Biosystem, 
Foster,  CA)  according  to  the  manufacturer’s  instructions. 

Regular  PCR — Regular  PCR  was  performed  on  a  2720  Ther¬ 
mal  Cycler  (Applied  Biosystem,  Foster,  CA),  using  2.5  pi  of  the 
cDNA  (equivalent  to  0.2  pg  of  RNA)  and  AmpliTaq  DNA  po¬ 
lymerase  (Applied  Biosystems,  Foster  City,  CA)  in  a  25- pi  reac¬ 
tion  according  to  the  manufacturer’s  instructions.  The  DNA 
sequences  of  primers  used  for  PCR  were  as  follows:  mouse/rat 
TFIIAy,  5'-ATG  GCA  TAT  CAG  TTA  TAC  AG  A  AAT 
ACA-3'  (forward),  5'-GGT  ATT  TTT  ACC  ATC  ACA  GGC 
T-3'(reverse);  mouse/rat  Atf4,  5'-ATG  GCT  TGG  CCA  GTG 
CCT  CAG  A-3'  (forward),  5'-GCT  CTG  GAG  TGG  AAG  ACA 
GAA  C-3'  (reverse);  mouse/rat Hprt,  5'-GTT  GAG  AGA  TCA 
TCT  CCA  CC-3'  (forward),  5'-AGC  GAT  GAT  GAA  CCA 
GGT  TA-3'  (reverse).  For  all  primers  the  amplification  was 
performed  as  follows:  initial  denaturation  at  95  °C  for  30s  fol¬ 
lowed  by  31  cycles  of  95  °C  for  15  s,  60  °C  for  30  s,  72  °C  for  30  s 
and  extension  at  72  °C  for  7  min.  The  amplified  PCR  products 
were  run  on  a  1.2%  agarose  gel  and  visualized  by  ethidium  bro¬ 
mide  staining. 

Quantitative  Real  Time  PCR — Quantitative  real  time  PCR 
was  performed  on  an  iCycler  (Bio-Rad)  using  a  SYBR®  Green 
PCR  core  kit  (Applied  Biosystem,  Foster,  CA)  and  cDNA  equiv¬ 
alent  to  10  ng  of  RNA  in  a  50-ql  reaction  according  to  the 
manufacturer’s  instructions.  The  DNA  sequences  of  primers 
used  for  real  time  PCR  were  as  follows:  mouse  Ocn,  5 '-TAG 
TGA  ACA  GAC  TCC  GGC  GCT  A-3'  (forward),  5'-TGT  AGG 
CGG  TCT  TCA  AGC  CAT-3'  (reverse);  mouse  and  rat  18  S 
rRNA,  5'-CGT  CTG  CCC  TAT  CAA  CTT  TCG  ATG  GTA 
G-3'  (forward),  5'-GCC  TGC  TGC  CTT  CCT  TGG  ATG  T-3' 
(reverse);  mouse  and  rat  TFIIAy,  5' -TGG  GGA  ACAGTC  TTC 
AAG  AGA  GCC  TT-3'  (forward);  5'-TTC  CTG  ACT  CTC 
TGA  GCC  AAT  GCT  G-3'  (reverse);  rat  Ocn,  5'-TGG  TGA 
ATA  GAC  TCC  GGC  GCT  ACC  T-3'  (forward),  5'-CCT  GGA 
AGC  CAA  TGT  GGT  CCG-3'  (reverse);  rat  Bsp:  5'-GGC  TGG 
AGA  TGC  AGA  GGG  CAA  GGC-3'  (forward),  5' -TGG  TGC 
TGG  TGC  CGT  TGA  CGA  CCT-3'  (reverse);  rat  Opn,  5'-TGG 
TGA  ATA  GAC  TCC  GGC  GCT  ACC  T-3'  (forward),  5'-CCT 
GGA  AGC  CAA  TGT  GGT  CCG-3'  (reverse).  For  all  primers 
the  amplification  was  performed  as  follows:  initial  denaturation 
at  95  °C  for  10  min  followed  by  40  cycles  of  95  °C  for  15  s  and 
60  °C  for  60  s.  Melting  curve  analysis  was  used  to  confirm  the 
specificity  of  the  PCR  products.  Six  samples  were  run  for  each 
primer  set.  The  levels  of  mRNA  were  calculated  by  the  ACT 
method  (46).  Ocn,  Bsp,  TFIIAy,  osteopontin  (Opn),  and  Atf4 
mRNAs  were  normalized  to  18  S  rRNA  mRNA. 


Western  Blot  Analysis — Cells  were  washed  with  cold  IX 
phosphate-buffered  saline  and  lysed  in  1 X  Passive  Buffer  (Pro¬ 
mega,  Madison,  WI)  at  room  temperature  for  20  min.  Lysates 
were  clarified  by  centrifugation  (20  min,  13,000  X  g,  4  °C). 
Protein  concentrations  were  determined  by  the  method 
developed  by  Bio-Rad.  Twenty  pg  of  total  protein  were  frac¬ 
tionated  on  a  10%  SDS-polyacrylamide  gel  and  transferred 
onto  nitrocellulose  membranes  (Schleicher  &  Schuell).  The 
membrane  was  blocked  in  5%  nonfat  milk  in  Tris-buffered 
saline/Tween  20  (TBST)  buffer,  probed  with  antibodies 
against  TFIIA-y  (1:200),  TFIIA-a  (1:1000),  ATF4  (1:1000), 
Runx2  (1:1000),  Fra-1  (1:1000),  GST  (1:5000),  or  M2  (1:2000) 
followed  by  incubation  with  anti-goat-mouse  or  -rabbit  anti¬ 
bodies  conjugated  with  horseradish  peroxidase  (1:5000)  and 
visualized  using  an  enhanced  chemiluminescence  kit 
(Pierce).  Finally,  blots  were  stripped  two  times  in  buffer  con¬ 
taining  65  mM  Tris-Cl,  pH  6.8,  2%  SDS,  and  0.7%  (v/v) 
j3-mercaptoethanol  at  65  °C  for  15  min  and  re-probed  with 
j3-actin  antibody  (1:5000)  for  normalization. 

Immunoprecipitation — GST,  GST-TFIIAy,  GST-ATF4,  and 
GST-Runx2  fusion  proteins  were  purified  using  the  Bulk  GST 
purification  module  kit  ( Amersham  Biosciences)  according  the 
manufacturer’s  instructions.  Whole  cell  extracts  (500  pg), 
nuclear  extracts  (200  pg),  or  GST  fusion  proteins  (1.0  pg)  were 
pre-cleaned  twice  with  50  pi  of  protein  A/G-agarose  beads 
(Stratagene,  La  Jolla,  CA)  for  30  min  followed  by  pelleting  of 
beads.  The  protein  A/G-agarose  beads  were  blocked  with  10 
pg/ml  bovine  serum  albumin  in  1 X  phosphate-buffered  saline 
for  1  h  before  use  to  reduce  nonspecific  binding  of  proteins.  Five 
pg  of  respective  antibody  was  added  and  incubated  for  2  h  at 
4  °C  with  gentle  rocking.  The  immune  complexes  were  col¬ 
lected  by  addition  of  30  pi  of  protein  A/G-agarose  beads  and 
incubation  for  1  h  at  4  °C  followed  by  centrifugation.  Precipi¬ 
tates  were  washed  five  times  with  1 X  washing  buffer  (20  mM 
HEPES,  pH  7.6,  50  mM  KC1, 1  mM  dithiothreitol,  0.25%  Nonidet 
P-40,  5  mM  NaF,  1  mM  EGTA,  5  mM  MgCl2,  0.25  mM  phenyl- 
methylsulfonyl  fluoride),  and  the  immunoprecipitated  com¬ 
plexes  were  suspended  in  SDS  sample  buffer  and  analyzed  by 
SDS-PAGE  followed  by  Western  blot  analysis  using  the  indi¬ 
cated  antibodies. 

ChIP  Assays — ChIP  assays  were  performed  as  described  pre¬ 
viously  (41)  using  a  protocol  kindly  provided  by  Dr.  Dwight 
Towler  (Washington  University)  (47).  After  sonication,  the 
amount  of  chromatin  was  quantified  using  the  PicoGreen  dou¬ 
ble-stranded  DNA  quantitation  assay  (Molecular  Probes) 
according  to  the  manufacturer’s  instructions.  The  equivalent  of 
10  pg  of  DNA  was  used  as  starting  material  (input)  in  each  ChIP 
reaction  with  2  pg  of  the  appropriate  antibody  (TFIIAy,  or  con¬ 
trol  rabbit  IgG).  Fractions  of  the  purified  ChIP  DNA  (5%)  or 
inputs  (0.02-0.05%)  were  used  for  PCR  analysis.  The  reaction 
was  performed  with  AmpliT aq  Gold  DNA  polymerase  (Applied 
Biosystems)  for  35  cycles  of  60  s  at  95  °C,  90  s  at  58  °C,  and  120  s 
at  68  °C.  PCR  primer  pairs  were  generated  to  detect  DNA  seg¬ 
ments  located  near  the  Runx2-binding  site  at  —137/  — 131 
(primers  PI  and  P2),  ATF4-binding  site  at  —55/— 48  (primers 
P3  and  P4)  in  mouse  osteocalcin  gene  2  ( mOG2 )  proximal  pro¬ 
moter,  or  the  Runx2-binding  site  located  between  —370  and 
—42  in  the  proximal  mouse  Runx2  promoter  region  (primers 
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control  siRNA(low  GC,  catalog 
number  12935-200,  Invitrogen) 
using  Lipofectamine  2000  (Invitro¬ 
gen)  according  the  manufacturer’s 
instruction.  After  36  h,  total  RNA 
was  harvested  for  quantitative  real 
time  RT-PCR  analysis  for  TFIIAy, 
Ocn,  Bsp,  Opn  ( osteopontin ),  and 
Atf4  mRNAs.  A  second  set  of  mouse 
TFIIAy  siRNAs  (sense,  AUG  ACA 
ACA  CUG  UGC  UAU  AUU;  anti- 
sense,  UAU  AGC  ACA  GUG  UUG 
UCA  UUU)  was  designed  in  the 
project  laboratory  and  used  to  con¬ 
firm  the  results  using  the  first  set  of 
TFIIAy  siRNA. 
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FIGURE  1 .  Protein-protein  interactions  among  TFIIAy,  Runx2,  and  ATF4.  A,  whole  cell  extracts  from  COS-7 
cells  overexpressing  pFLAG-TFNAy,  pCMV-Runx2,  and  pCMV-ATF4  were  immunoprecipitated  (IP)  with  normal 
IgG  ( lane  1)  or  TFIIAy  antibody  (lane  2)  followed  by  Western  blot  (WB)  analysis  using  Runx2  or  ATF4  antibodies. 
In  reciprocal  IPs,  the  same  extracts  were  immunoprecipitated  with  normal  IgG  (lanes  3  and  5),  Runx2  antibody 
(lane  4),  or  ATF4  antibody  (lane  6)  followed  by  WB  using  M2  antibody.  B,  nuclear  extracts  from  ROS1 7/2.8  cells 
were  immunoprecipitated  with  normal  IgG  (lane  I)  or  TFIIAy  antibody  (lane  2)  followed  by  WB  using  Runx2, 
ATF4,  or  Fra-1  antibodies.  In  reciprocal  IPs,  the  same  extracts  were  immunoprecipitated  with  normal  IgG  (lanes 
3,  5  and  7),  Runx2  antibody  (lane  4),  ATF4  antibody  (lane  6),  or  Fra-1  antibody  (lane  8)  followed  by  WB  using 
TFIIAy  anti  body.  C,  mixture  of  purified  GST-TFIIAy  and  GST-Runx2  was  immunoprecipitated  by  TFIIAy  anti  body 
followed  by  WBfor  Runx2  (lane  7).  A  mixture  of  purified  GST-TFIIAy  and  GST-ATF4  was  immunoprecipitated  by 
TFIIAy  antibody  followed  by  WB  for  ATF4  (lane  2).  A  mixture  of  purified  GST  and  GST-Runx2  was  immunopre¬ 
cipitated  by  Runx2  antibody  followed  by  WB  for  GST  (lane  3).  A  mixture  of  purified  GST  and  GST-ATF4  was 
immunoprecipitated  by  ATF4  antibody  followed  by  WB  for  GST  (lane  4).  In  reciprocal  IPs,  a  mixture  of  purified 
GST-TFIIAy  and  GST-Runx2  was  immunoprecipitated  by  normal  IgG  (lane  5)  or  Runx2  antibody  (lane  6)  followed 
by  WB  for  TFIIAy.  A  mixture  of  purified  GST-TFIIAy  and  GST-ATF4  was  immunoprecipitated  by  ATF4  antibody 
(lane  7)  followed  by  WB  for  TFIIAy.  D,  nuclear  extracts  from  ROS1 7/2.8  cells  were  mixed  with  equal  amount  of 
nuclear  extracts  from  COS-7  cells  overexpressing  FLAG-Runx2(wt),  FLAG-Runx2  (aa  1-330),  FLAG-Runx2  (aa 
1-286),  and  FLAG-Runx2  (aa  1-258),  and  immunoprecipitated  with  TFIIAy  antibody  followed  by  WBfor  Runx2 
(M2  antibody).  Experiments  were  repeated  2-3  times,  and  qualitatively  identical  results  were  obtained. 


P5  and  P6)  (48),  and  the  mOG2  gene  region  (+177/  +  311) 
(primers  P7  and  P8)  (see  Fig.  2 A  and  Table  1).  The  PCR  prod¬ 
ucts  were  separated  on  3%  agarose  gels  and  visualized  with 
ultraviolet  light.  All  ChIP  assays  were  repeated  at  least  three 
times. 

siRNA — ROS17/2.8  osteoblast-like  cells,  which  contain  high 
levels  of  TFIIAy  protein,  were  transfected  with  mouse 
TFIIAy  siRNA  kit  (Santa  Cruz  Biotechnology)  or  negative 


Statistical  Analysis — Results  were 
expressed  as  means  ±  S.D.  Students’  t 
test  was  used  to  test  for  differences 
between  two  groups.  Differences  with 
a  p  <  0.05  was  considered  as  statisti¬ 
cally  significant. 

RESULTS 

TFIIAy  Interacts  with  Runx2  and 
ATF4 — A  yeast  pLexA  two-hybrid 
system  (Clontech)  was  used  to  iden¬ 
tify  proteins  that  bind  to  mouse 
Runx2.  cDNA  fragments  encoding 
several  C-terminal  regions  of  Runx2 
were  subcloned  into  the  BamHI/ 
Xhol  sites  of  pLexA,  creating 
in-frame  fusions  with  the  DNA 
binding  domain  of  the  LexA  gene 
that  is  controlled  by  the  strong  yeast 
ADH1  promoter.  Preliminary  ex¬ 
periments  using  relatively  larger 
regions  of  Runx2  (aa  232-391,  aa 
232-428,  and  aa  232-517)  as  baits 
were  not  successful  because  of  their 
ability  to  autoactivate  the  lacZ 
reporter  gene  in  yeast.  In  contrast, 
by  using  the  aa  263-351  region  of 
Runx2  as  a  bait,  we  identified 
TFIIAy,  a  general  transcriptional 
factor  involved  in  the  initiation  step 
of  eukaryotic  transcription,  as  a 
Runx2-interacting  factor.  A  dia¬ 
gram  and  a  picture  of  a  positive  col¬ 
ony  are  shown  in  Fig.  SI. 

To  verify  the  TFIIAy-Runx2  interaction  identified  by  yeast 
two-hybrid  system,  we  conducted  pulldown  assays.  COS-7  cells 
were  transiently  transfected  with  expression  vectors  for  FLAG- 
TFIIAy,  Runx2,  and  ATF4  (a  recently  identified  Runx2-inter- 
acting  factor).  After  36  h,  whole  cell  extracts  were  prepared  for 
immunoprecipitation  (IP)  assay  using  a  TFIIAy  antibody  fol¬ 
lowed  by  Western  blot  analysis  for  Runx2  and  ATF4.  As  seen  in 
Fig.  1A  {lane  2),  Runx2  protein  was  present  in  a  TFIIAy  anti- 
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FIGURE  2.  ChIP  analysis  of  TFIIAy  interaction  with  Runx2/ATF4  binding  sites-containing  chromatin  frag¬ 
ments  of  mOG2  promoter  in  MC-4  cells.  A,  schematic  representation  of  relevant  regions  of  the  mOG2  pro¬ 
moter,  mouse  Runx2  promoter,  and  mOG2  gene.  PI,  P2,  P3,  P4,  P5,  P6,  P7,  and  P8  indicate  PCR  primers  used  to 
analyze  ChIP  DNAs.  The  positions  of  these  primers  and  the  size  of  the  fragments  they  amplify  are  indicated  at 
the  top  or  bottom  of  the  figure.  6,  MC-4  cells  were  seeded  at  a  density  of  50,000  cells/cm2  in  35-mm  dishes, 
cultured  in  10%  FBS  medium  overnight,  and  cross-linked  with  formaldehyde  for  ChIP  assays.  IPs  were  con¬ 
ducted  with  TFIIAy  antibody  (Ab)  or  normal  control  IgG.  PCR  products  were  run  on  3%  agarose  gel  and  stained 
with  ethidium  bromide.  Purified  input  chromatin  was  used  to  perform  parallel  PCRs  with  the  respective  primer 
pairs.  Experiments  were  repeated  three  times  with  similar  results. 


TABLE  1 

PCR  primers  used  in  ChIP  assay 

Oligonucleotide  name  Sequence 

PI  CCGCTCTCAGGGGCAGAC 

P2  AGGGGATGCTGCCAGGACTAAT 

P3  CACAGCATCCTTTGGGTTTGAC 

P4  TATCGGCTACTCTGTGCTCTCTGA 

P5  GCTATA  ACCTTCTT  AATGCCAG 

P6  AGCACTATTACTGGAGAGACAGAATC 

P7  TAGTGAACAGACTCCGGCGCTA 

P8  TGTAGGCGGTCTTCA  AGCCAT 


body  immunoprecipitate.  Interestingly,  anti-TFIIAy  antibody 
also  immunoprecipitated  ATF4.  Reciprocal  IPs  showed  that 
both  Runx2  and  ATF4  antibodies  immunoprecipitated  the 
FLAG-tagged  TFIIAy  (Fig.  L4,  lanes  4  and  6).  To  determine 
whether  TFIIAy  can  interact  with  Runx2  and  ATF4  in  osteo¬ 
blasts,  nuclear  extracts  from  ROS17/2.8  cells  that  express  high 
levels  of  Runx2,  ATF4,  and  TFIIAy  were  immunoprecipitated 
with  anti-TFIIAy  antibody  followed  by  Western  blot  analysis 
for  Runx2,  ATF4,  or  Fra-1  (a  member  of  API  family).  Results 
show  that  both  Runx2  and  ATF4  but  not  Fra-1  proteins  were 
present  in  anti-TFIIAy  immunoprecipitates  (Fig.  LB,  lane  2). 
Reciprocal  IPs  showed  that  antibodies  against  Runx2  or  ATF4 
but  not  Fra-1  immunoprecipitated  TFIIAy  in  ROS17/2.8  cells 
(Fig.  IB,  lanes  4,  6,  and  8).  Normal  control  IgG  failed  to  signif¬ 
icantly  pull  down  Runx2,  ATF4,  or  TFIIAy  in  either  COS-7  cells 
or  osteoblasts.  Taken  together,  these  studies  confirm  that 
TFIIAy  interacts  with  Runx2  and  ATF4  in  osteoblasts  or  when 
coexpressed  in  COS-7  cells. 

Although  Runx2  and  ATF4  interact  in  osteoblasts,  IP  assays 
using  purified  GST  fusion  proteins  failed  to  show  a  direct  phys¬ 


ical  interaction  between  ATF4  and 
Runx2  (25),  suggesting  that  acces¬ 
sory  factors  may  be  involved  in  their 
interactions.  To  determine  whether 
TFIIAy  can  directly  interact  with 
Runx2  or  ATF4  in  the  absence  of 
other  nuclear  proteins,  we  mixed 
GST  or  GST-TFIIAy  with  GST- 
ATF4  or  GST-Runx2  fusion  pro¬ 
teins  purified  from  Escherichia  coli, 
followed  by  IP  and  Western  blot 
analysis.  As  shown  in  Fig.  1C,  both 
GST-Runx2  and  GST-ATF4  pro¬ 
teins  mixed  with  GST-TFIIAy 
were  immunoprecipitated  by  anti- 
TFIIAy  antibody  ( lanes  1  and  2). 
Anti-Runx2  or  anti-ATF4  antibody 
was  unable  to  immunoprecipitate 
GST  protein  mixed  with  GST- 
Runx2  (Fig.  1C,  lane  3)  or  GST- 
ATF4  ( lane  4).  Reciprocal  IPs  show 
that  GST-TFIIAy  was  immunopre¬ 
cipitated  by  both  anti-Runx2  or 
anti-ATF4  antibodies  (Fig.  1C,  lanes 
6  and  7)  but  not  by  normal  control 
IgG  (lane  5).  These  results  demon¬ 
strate  that  TFIIAy  directly  binds  to 
both  Runx2  and  ATF4. 

As  a  first  step  to  identify  the  TFIIAy-binding  domain,  FLAG- 
Runx2  deletion  mutant  expression  vectors  (wild  type  aa  1-528, 
aa  1-330,  aa  1-286,  and  aa  1-258)  were  transfected  into  COS-7 
cells  because  of  the  high  transfection  efficiency.  Nuclear 
extracts  were  prepared  36  h  later,  mixed  with  equal  amounts  of 
nuclear  extracts  of  ROS17/2.8  (which  contain  large  amounts  of 
endogenous  TFIIAy),  and  immunoprecipitated  using  anti- 
TFIIAy  antibody  followed  by  Western  blot  analysis  for  Runx2 
(M2  antibody).  As  shown  in  Fig.  1B>,  deletion  of  Runx2  from  aa 
528  to  aa  286  did  not  reduce  TFIIAy  binding.  However,  further 
deletion  from  aa  286  to  aa  258  completely  abrogated  TFIIAy- 
Runx2  complex  formation.  These  data  clearly  demonstrate  the 
following:  (i)  endogenous  TFIIAy  can  interact  with  overex¬ 
pressed  FLAG-Runx2  proteins  in  vitro ;  and  (ii)  the  aa  258  -286 
region  of  Runx2  is  required  for  TFIIAy  binding.  Interestingly, 
this  same  region  is  required  for  ATF4-Runx2  interactions  (25). 

To  determine  whether,  in  intact  cells,  TFIIAy  is  associated 
with  the  endogenous  osteocalcin  gene  2  (mOG2)  promoter 
region  that  has  been  shown  to  bind  Runx2  and  ATF4,  we  per¬ 
formed  the  chromatin  immunoprecipitation  (ChIP)  assay  using 
MC3T3-E1  (clone  MC-4)  preosteoblast  cells.  After  shearing, 
soluble  chromatin  was  immunoprecipitated  with  either  an  anti¬ 
body  against  TFIIAy  or  control  IgG.  The  positions  and 
sequences  of  primers  used  for  PCR  analysis  of  ChIP  DNAs  are 
shown  in  Fig.  2 A  and  Table  1.  As  shown  in  Fig.  2 B,  the  PCR 
bands  amplified  with  primers  P1/P2  and  P3/P4  and  corre¬ 
sponding  to  ChIP  DNAs  immunoprecipitated  with  TFIIAy 
antibody  revealed  that  TFIIAy  specifically  interacts  with  chro¬ 
matin  fragments  of  the  proximal  mOG2  promoter  that  contain 
Runx2-  or  ATF4-binding  sites.  Furthermore,  TFIIAy  antibody 
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FIGURE  3.  TFIlAy  increases  ATF4  but  not  Runx2  transcriptional  activity.  A  and  8,  10T1/2  cells  were  tran¬ 
siently  transfected  with  p60SE2-luc  (A)  or  p60SE2mt-luc  (8)  and  pRL-SV40  (for  normalization)  and  expression 
plasmids  for  j3-galactosidase,  TFIlAy,  Runx2,  or  Runx2  plus  TFIlAy.  After  36  h,  cells  were  harvested  for  dual 
luciferase  assay.  Firefly  luciferase  was  normalized  to  Rotylenchulus  reniformis  luciferase  to  control  the  transfec¬ 
tion  efficiency  (*,  p  <  0.01  (/3-galactosidase  versus  Runx2  or  Runx2+TFIIAy).  C  and  D,  10T1/2  cells  were  tran¬ 
siently  transfected  with  p40SE2-luc  (C)  or  p40SE1  mt-luc  (D)  and  pRL-SV40  and  expression  plasmids  for  /3-ga- 
lactosidase,  TFIlAy,  ATF4,  or  ATF4  plus  TFIlAy.  *,p  <  0.01  (/3-galactosidase  versus  ATF4  or  ATF4+TFIIAy);#,p  < 
0.01  (ATF4  versus  ATF4+TFIIAy).  E,  10T1/2  cells  were  transiently  transfected  with  -34/+ 13  mOG2-luc  and 
pRL-SV40  and  expression  plasmids  for  /3-galactosidase,  TFIlAy,  ATF4,  or  Runx2.  F,  dose-response  experiment, 
10T1/2  cells  were  transiently  transfected  with  p40SE1-luc  and  pRL-SV40  and  ATF4  expression  plasmid  and 
increasing  amounts  of  TFIlAy  plasmid.  *,p  <  0.01  (/3-galactosidase  versus  TFIlAy).  G  and  H,  C2C1 2  (G)  and  COS-7 
cells  ( H )  were  transiently  transfected  with  p40SE2-luc  and  pRL-SV40  and  expression  plasmids  for  /3-galacto¬ 
sidase,  TFIlAy,  ATF4,  or  ATF4  plus  TFIlAy.  *,  p  <  0.01  (/3-galactosidase  versus  ATF4  or  ATF4+TFIIAy).  Data 
represent  mean  ±  S.D.  Experiments  were  repeated  three  times  and  qualitatively  identical  results  were 
obtained.  Note  the  expanded  scale  for  the  mutant  reporters  (8,  D,  and  E)  because  of  low  basal  activity  to  enable 
visualization  of  any  potential  differences  as  a  consequence  of  cotransfection  with  the  expression  vectors  noted 
above. 


also  immunoprecipitated  a  Runx2-binding  site-containing 
chromatin  fragment  of  the  proximal  Runx2  promoter  (prim¬ 
ers  P5/P6).  In  contrast,  TFIlAy  antibody  failed  to  immuno- 
precipitate  a  chromatin  fragment  of  mOG2  gene  that  con¬ 
tains  no  Runx2-  or  ATF4-binding  sites  (primers  P7/P8). 
Taken  together,  these  data  show  that  TFIlAy  is  recruited  to 
a  chromatin  fragment  of  the  mOG2  promoter  that  was  pre¬ 
viously  demonstrated  to  be  bound  by  Runx2  and  ATF4  in 
osteoblasts  (13,  22). 


TFIlAy  Increases  ATF4  but  Not 
Runx2-dependent  Transcriptional 
Activity — To  determine  whether 
TFIlAy  increases  Runx2-  and  ATF4- 
dependent  transcriptional  activity, 
we  measured  the  ability  of  TFIlAy 
to  stimulate  transcription  of 
p60SE2-luc,  a  reporter  plasmid 
containing  6  copies  of  the  Runx2- 
binding  element  OSE2  upstream  of 
a  minimal  34-bp  mOG2  promoter 
(13,  43,  49)  or  p40SEl-luc,  a 
reporter  plasmid  that  contains  four 
copies  of  OSE1  (a  specific  ATF4- 
binding  element)  upstream  of  a 
minimal  34-bp  mOG2  promoter 
(22,  25).  For  these  studies,  we  used 
C3H10T1/2  fibroblasts  because 
they  contain  undetectable  levels  of 
both  endogenous  Runx2  and  ATF4 
proteins  (28,  49).  As  shown  in  Fig. 
3 A,  as  expected,  Runx2  alone 
increased  OSE2  transcriptional 
activity  by  11 -fold.  This  stimulation 
was  abolished  in  the  60SE2mt-luc 
in  which  the  OSE2  core  sequence 
was  mutated  (25)  (Fig.  3  B). 
Although  we  have  shown  above  that 
TFIlAy  interacts  with  Runx2, 
TFIlAy  transfection  did  not  activate 
basal  or  Runx2-dependent  OSE2 
transcription  (Fig.  3 A).  As  shown  in 
Fig.  3C,  ATF4  activated  OSE1  activ¬ 
ity  about  2-fold  Ip  <  0.01,  /3-galac- 
tosidase  versus  ATF4).  Although 
TFIlAy  alone  was  unable  to  activate 
OSE1  activity,  unexpectedly,  when 
coexpressed  with  ATF4,  it  dramati¬ 
cally  increased  OSE1  activity  5-fold 
above  ATF4  alone.  This  stimulation 
was  abolished  in  40SElmt-luc,  in 
which  the  OSE1  core  sequence  was 
mutated  from  TTACATCA  to 
TTAGTACA  in  the  reporter  plas¬ 
mid  (45)  (Fig.  3D).  Note:  TFIlAy, 
Runx2,  or  ATF4  failed  to  activate  a 
minimal  34-bp  mOG2  promoter 
that  contains  a  TATA  box  (23,  50) 
(Fig.  3E) .  Fig.  3F  shows  that  TFIlAy 
activated  ATF4  transcription  activity  in  a  dose-dependent 
manner  in  C3H10T1/2  cells.  TFIlAy  similarly  stimulated 
ATF4-directed  OSE1  activity  in  C2C12  myoblasts  (3-fold)  and 
COS-7  cells  (4.3-fold)  (Fig.  3,  G  and  H). 

TFIlAy  Expression  in  Different  Cell  Lines — The  levels  of 
TFIlAy  mRNAs  and  proteins  were  determined  in  different  cell 
lines  by  RT-PCR  and  Western  blot  analysis,  respectively.  As 
shown  in  Fig.  4,  Western  blot  analysis  shows  that  TFIlAy  pro¬ 
tein  was  expressed  at  high  levels  in  osteoblastic  cells  (MC-4 
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FIGURE  4.  TFIlAy  expression  in  different  cell  lines.  Total  RNAs  or  whole  cell 
extracts  were  prepared  from  MC-4,  R0S1 7/2.8, 10T1/2,  LI,  F9,  and  COS-7  cells 
and  used  for  RT-PCR  and  Western  blot  analysis  for  levels  of  TFIIAa  and  TFIIA-y 
mRNAs  and  proteins.  Experiments  were  repeated  three  times  with  similar 
results. 


cells  and  ROS17/2.8),  C3H10T1/2  fibroblasts,  and  LI  preadipo¬ 
cytes.  In  contrast,  levels  of  TFIlAy  protein  were  undetectable  in 
F9  teratocarcinoma  cells  and  COS-7  (transformed  African 
green  monkey  kidney  fibroblasts).  Interestingly,  TT/MymRNA 
was  ubiquitously  expressed  in  these  cell  lines.  In  addition, 
TFIIAa  proteins  were  present  in  all  these  cell  lines  except  for 
ROS17/2.8  cells,  which  contain  a  low  level  of  TFIIAa  protein. 

TFIlAy  Stimulation  of  Endogenous  Ocn  mRNA  Expression 
and  the  657-bp  mOG2  Promoter  Activity  Is  Dependent  upon  the 
Presence  of  ATF 4  and  Runx2 — ATF4  is  an  osteoblast-enriched 
protein  that  is  required  for  late  osteoblast  differentiation  ( i.e . 
Ocn  and  Bsp  mRNA  expression)  and  bone  formation  in  vivo. 
Our  recent  study  demonstrated  that  ATF4  activation  of  mOG2 
promoter  activity  and  Ocn  mRNA  expression  was  dependent 
upon  the  presence  of  Runx2  via  a  mechanism  involving  protein- 
protein  interactions  (25).  To  determine  the  effects  of  TFIlAy  on 
endogenous  Ocn  mRNA  expression,  C3H10T1/2  cells  were 
transiently  transfected  with  expression  vectors  for  j3-galacto- 
sidase,  TFIlAy,  ATF4,  Runx2,  ATF4/Runx2,  TFIIAy/Runx2, 
TFIlAy/ ATF4,  and  ATF4/Runx2/TFIIAy.  After  36  h,  cells  were 
harvested  for  RNA  preparation  and  quantitative  real  time  RT- 
PCR  detection  of  Ocn  mRNA.  As  shown  in  Fig.  5 A,  consistent 
with  its  role  as  a  master  gene  of  osteoblast  differentiation, 
Runx2  alone  increased  endogenous  Ocn  expression  by  3.3-fold 
( p  <  0.01;  |3-galactosidase  versus  Runx2).  TFIlAy  alone,  ATF4 
alone,  and  TFIIAy/ATF4  were  all  not  sufficient  for  activation  of 
endogenous  Ocn  mRNA  expression.  TFIlAy  alone  did  not 
enhance  Runx2-dependent  Ocn  expression.  As  demonstrated 
previously  (25),  ATF4  dramatically  stimulated  Runx2-depend- 
ent  Ocn  mRNA  expression  by  10-fold  (p  <  0.01,  Runx2  versus 
Runx2/ATF4).  Importantly,  TFIlAy  further  augmented  Ocn 
mRNA  expression  4.2-fold  in  the  presence  of  ATF4  and  Runx2 
( p  <  0.01,  ATF4/Runx2  versus  ATF4/Runx2/TFIIAy).  TFIlAy 
similarly  enhanced  ATF4/Runx2-dependent  657-bp  mOG2 
promoter  activity  in  C3H0T1/2  cells  (3.6-fold)  (Fig.  5 B)  (p  < 
0.01,  ATF4/Runx2  versus  ATF4/Runx2/TFIIAy).  This  stimula¬ 
tion  was  completely  abolished  by  point  mutations  in  the  OSE1 
and/or  OSE2  core  sequences. 


Silencing  of  TFIlAy  Markedly  Reduces  Levels  of  Endogenous 
Ocn  and  Bsp  mRNAs  and  ATF4  Protein  in  Osteoblasts — To 
determine  whether  TFIlAy  is  required  for  the  endogenous  Ocn 
mRNA  expression  in  osteoblasts,  we  knocked  down  the  endog¬ 
enous  TFIlAy  transcripts  by  siRNA.  ROS17/2.8  osteoblast-like 
cells,  which  express  high  levels  of  TFIlAy  and  Ocn  and  Bsp 
mRNAs,  were  transiently  transfected  with  TFIlAy  siRNA  rea¬ 
gent  from  Santa  Cruz  Biotechnology  according  to  the  manufac¬ 
turer’s  instructions.  This  siRNA  is  a  pool  of  three  specific 
20  -25-nucleotide  siRNA  targeting  both  mouse  and  rat  TFIlAy. 
As  shown  in  Fig.  6 A,  quantitative  real  time  RT-PCR  analysis 
showed  that  levels  of  TFIIA  y  mRNA  were  efficiently  reduced  by 
TFIlAy  siRNA  in  a  dose-dependent  manner.  The  level  of  Ocn 
mRNA  was  reduced  greater  than  50%  by  TFIlAy  siRNA  (p  < 
0.01,  control  versus  TFIlAy  siRNA).  Interestingly,  Bsp  mRNA, 
another  ATF4  downstream  target  gene  (22),  was  also  reduced 
by  50%  (p  <  0.01,  control  versus  TFIlAy  siRNA).  This  inhibition 
was  specific  because  levels  of  Opn  and  Atf4  mRNAs  were  not 
reduced  by  TFIlAy  siRNA.  In  contrast,  as  shown  in  Fig.  6 B, 
levels  of  all  these  mRNAs  were  not  reduced  by  the  negative 
control  siRNA  (Invitrogen).  Although  Atf4  mRNA  was  not 
altered  by  TFIlAy  siRNA,  the  level  of  endogenous  ATF4  protein 
was  significantly  reduced  by  silencing  TFIlAy  in  osteoblasts 
(Fig.  6 C).  Similar  results  were  obtained  when  a  different  set  of 
TFIlAy  siRNA  was  used  (Fig.  S2). 

Overexpression  of  TFIlAy  Increases  the  Levels  of  ATF 4 
Protein — The  above  studies  clearly  demonstrated  that 
TFIlAy  increased  ATF4-dependent  transcription  activity 
and  Ocn  gene  expression  probably  by  targeting  ATF4  pro¬ 
tein.  To  further  study  the  mechanism  of  this  regulation,  we 
determined  the  effect  of  TFIlAy  overexpression  on  the  levels 
of  ATF4  protein.  C3H10T1/2  cells,  which  express  undetect¬ 
able  level  of  endogenous  ATF4  protein  (28),  were  transiently 
transfected  with  1.0  p g  of  ATF4  expression  plasmid  and 
increasing  amounts  of  TFIlAy  expression  plasmid  (0,  0.5,  1, 
and  2  pg).  After  36  h,  cells  were  harvested  for  Western  blot 
analysis.  As  shown  in  Fig.  7 A,  overexpression  of  TFIlAy  in 
C3H10T1/2  cells  increased  the  levels  of  ATF4  protein  in  a 
dose-dependent  manner.  This  increase  in  ATF4  protein  was 
specific  because  levels  of  Runx2  were  not  altered  by  TFIlAy. 
TFIlAy  similarly  elevated  levels  of  ATF4  protein  in  COS-7 
cells  (Fig.  7 B).  Next,  we  determined  if  TFIlAy  could  increase 
the  levels  of  endogenous  ATF4  proteins  in  osteoblasts. 
ROS17/2.8  cells  were  transiently  transfected  with  indicated 
amount  of  TFIlAy  expression  vector.  Western  blot  analysis 
shows  that  TFIlAy  dose-dependently  increased  levels  of 
endogenous  ATF4  protein  in  ROS17/2.8  cells  (Fig.  7C).  Sim¬ 
ilar  results  were  obtained  in  MC-4  cells  (Fig.  7 D).  Interest¬ 
ingly,  overexpression  of  TFIlAy  did  not  increase  the  levels  of 
Atf4  mRNA  in  all  these  cells  examined  ( bottom ,  Fig.  7,  A-D). 
Taken  collectively,  TFIlAy  markedly  increased  levels  of 
ATF4  proteins  in  osteoblasts  and  non-osteoblasts. 

TFIlAy  Increases  ATF4  Protein  Stability — Lassot  et  al.  (51) 
recently  showed  that  acetylase  p300  markedly  increased  the 
levels  of  ATF4  protein  and  ATF4-dependent  transcriptional 
activity  by  inhibiting  ATF4  protein  degradation  via  a  proteaso- 
mal  ubiquitin  pathway.  As  an  initial  step  to  determine  whether 
TFIlAy  alters  ATF4  protein  stability,  C3H10T1/2  cells  were 
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FIGURE  5.  TFIlAy  activates  endogenous  Ocn  gene  expression  and  0.657-kb  mOG2  promoter  activity  in 
the  presence  of  ATF4  and  Runx2.A  10T1/2  cells  were  transfected  with  expression  plasmids  for  j3-galactosid- 
ase(j8-ga/),TFIIAy,  ATF4,  Runx2,  Runx2/TFIIAy,  ATF4/TFIIAy,  ATF4/Runx2,  or  ATF4/TFIIAy/Runx2.  After36h,the 
cells  were  harvested  for  RNA  isolation  and  quantitative  real  time  RT/PCR  analysis  for  Ocn  mRNA.  6, 10T1/2  cells 
were  transfected  with  p657mOG2-luc  or  p657m0G20SE1  mt-luc  or  p657m0G20SE2mt-luc  or 
p657m0G20SE(1  +  2)mt-luc,  pRL-SV40,  and  expression  plasmids  for  j8-galactosidase,  TFIlAy,  ATF4,  Runx2, 
Runx2/TFIIAy,  ATF4/TFIIAy,  ATF4/Runx2,  or  ATF47FFIIAy/Runx2.  After  36  h,  the  cells  were  harvested  for  dual 
luciferase  assay.  *,  p  <  0.01  (j3-galactosidase  versus  Runx2,  or  ATF4+Runx2  or  ATF4+Runx2+TFIIAy);  #,  p  < 
0.01  (ATF4+Runx2  versus  ATF4+Runx2+TFIIAy).  Data  represent  mean  ±  S.D.  Experiments  were  repeated  3-4 
times  and  qualitatively  identical  results  were  obtained. 


transiently  transfected  with  ATF4  expression  vector  in  the 
presence  of  /3-galactosidase,  TFIlAy,  or  Runx2  expression  vec¬ 
tors.  After  36  h,  cells  were  treated  with  50  qg/ml  of  protein 
synthesis  inhibitor  cycloheximide  (CHX)  (i.e.  to  completely 
block  de  novo  protein  synthesis)  and  harvested  at  different  time 
points  of  CFIX  addition  (0,  0.5, 1,  and  3  h)  followed  by  Western 
blot  analysis  for  ATF4  and  Runx2.  This  technique  has  been 
widely  used  to  study  protein  stability  (51).  As  shown  in  Fig. 
8A,  in  the  absence  of  TFIlAy  overexpression,  ATF4  protein 
was  rapidly  degraded  and  almost  undetectable  on  Western 
blot  by  3  h  after  CFIX  addition,  which  is  consistent  with  a 


previous  study  (51).  However, 
overexpression  of  TFIlAy  greatly 
delayed  the  degradation  process 
with  the  levels  of  ATF4  protein 
only  slightly  reduced  by  3  h  after 
CHX  addition.  In  contrast,  levels 
of  Runx2  protein  were  not  affected 
by  TFIlAy  (Fig.  8 B). 

DISCUSSION 

This  study  identifies  TFIlAy  as 
a  bridging  molecule  between 
Runx2,  ATF4,  and  the  transcrip¬ 
tion  machinery  in  osteoblasts. 
Although  Runx2  and  ATF4  inter¬ 
act  in  osteoblasts  or  when  coex¬ 
pressed  in  COS-7  cells,  IPs  using 
purified  GST  fusion  proteins  were 
unable  to  demonstrate  a  direct 
physical  interaction  between 
ATF4  and  Runx2  (25).  Thus, 
accessory  factors  are  likely  involved 
in  bridging  these  two  molecules. 
Several  lines  of  evidence  support 
that  TFIlAy  may  be  a  factor  link¬ 
ing  Runx2  and  ATF4.  (i)  TFIlAy 
forms  complexes  with  both  Runx2 
and  ATF4  in  osteoblasts  and  when 
coexpressed  in  COS-7  cells,  (ii) 
The  same  region  of  Runx2  (i.e.  aa 
258-286)  is  required  for  both 
TFIIAy-Runx2  and  ATF4-Runx2 
interactions,  (iii)  Purified  GST- 
TFIIAy  fusion  protein  directly 
binds  to  both  purified  GST-Runx2 
and  GST-ATF4  fusion  proteins, 
(iv)  Overexpression  of  TFIlAy  in 
10T1/2  cells  dramatically  enhances 
endogenous  Ocn  gene  expression 
and  the  657-bp  mOG2  promoter 
activity  in  the  presence  of  ATF4 
and  Runx2.  (v)  siRNA  knockdown 
of  TFIlAy  mRNA  markedly 
reduces  osteoblast-specific  Ocn 
and  Bsp  expression. 

Accumulating  evidence  estab¬ 
lishes  that  ubiquitin-proteasome 
pathways  control  osteoblast  differentiation  and  bone  forma¬ 
tion.  For  example,  the  proteasome  inhibitors  epoxomicin  and 
proteasome  inhibitor-1,  when  administered  systemically  to 
mice,  strongly  stimulated  bone  volume  and  bone  formation 
rates  by  greater  than  70%  after  only  5  days  of  treatment  (52). 
Although  the  mechanism  of  this  regulation  remains  unclear, 
critical  bone  transcription  factors  seem  to  be  targets  for  the 
ubiquitin-proteasomal  pathway.  Zhao  and  co-workers  (52,  53) 
recently  showed  that  Smurfl,  an  E3  ubiquitin-protein  isopep¬ 
tide  ligase,  accelerated  Runx2  ubiquitin-proteasomal  degrada¬ 
tion  and  inhibited  osteoblast  differentiation  and  bone  forma- 
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FIGURE  6.  TFIlAy  siRNA  blocks  endogenous  Ocn  mRNA  expression  in 
osteoblastic  cells.  ROS1 7/2.8  osteoblast-like  cells  were  transiently  trans¬ 
fected  with  TFIlAy  siRNA  (A)  or  negative  control  (Ctrl)  siRNAs  (8).  After  36  h, 
total  RNA  or  whole  cell  extracts  were  prepared  for  quantitative  real  time  RT- 
PCR  analysis  for  TFIlAy,  Ocn,  Bsp,  Opn,  and  Atf4  mRN  As  which  were  normalized 
to  the  18SrRNA  mRNAs  or  Western  blot  analysis  for  ATF4,  TFIlAy,  and  j3-actin 
(C  and  D).  *,  p  <  0.01  (control  versus  siRNA).  Data  represent  mean  ±  S.D. 
Experiments  were  repeated  three  times  with  similar  results. 


tion  in  vitro  and  in  vivo.  Although  Atf4  mRNA  is  ubiquitously 
expressed,  in  most  cells  ATF4  proteins  are  rapidly  degraded  via 
the  ubiquitin-proteasome  pathway  with  a  half-life  of  30-60 
min.  However,  this  degradation  pathway  is  less  active  in  osteo¬ 
blasts,  thereby  allowing  ATF4  accumulation  (28).  Indeed,  inhi¬ 
bition  of  the  ubiquitin/proteasomal  pathway  by  MG115,  which 
blocks  the  N-terminal  threonine  in  the  active  site  of  j3-subunit 
of  26  S  proteasomal  complex  (29,  30),  led  to  ATF4  accumula¬ 
tion  and  induced  Ocn  mRNA  expression  in  non-osteoblastic 
cells  (28).  Similarly,  silencing  of  / 3-TrCPl ,  an  E3  ubiquitin-pro- 
tein  isopeptide  ligase  that  interacts  with  ATF4,  by  RNA  inter¬ 
ference,  resulted  in  ATF4  accumulation  and  increased  Ocn 
expression.  Thus,  ATF4  is  a  major  target  of  the  uquibitin-pro- 
teasome  pathway,  and  modulation  of  ATF4  stability  may  play  a 
critical  role  in  the  regulation  of  osteoblast-specific  gene  expres¬ 
sion.  Because  fi-TrCPl  is  present  in  osteoblasts  (28),  other  fac¬ 
tor^)  must  be  present  in  these  cells  to  protect  ATF4  from  the 
proteasomal  degradation  that  occurs  in  other  cell  types.  Exper¬ 
iments  from  this  study  show  that  overexpression  of  TFIlAy 
dose-dependently  increases  ATF4  protein  in  osteoblasts 
(ROS17/2.8  and  MC-4  cells)  and  non-osteoblasts  (C3H10T1/2 
and  COS-7  cells)  without  altering  Atf4  mRNA.  Experiments 
using  the  protein  synthesis  inhibitor  CHX  further  demonstrate 
that  TFIlAy  greatly  inhibits  ATF4  degradation.  TFIlAy  siRNA 


decreases  ATF4  stability  in  osteoblasts.  Lassot  et  al.  (51) 
recently  found  that  ATF4  is  similarly  stabilized  by  cofactor 
p300,  a  histone  acetyltransferase.  p300  inhibits  ATF4  ubiquiti- 
nation  and  degradation  through  interaction  with  the  ATF4  N 
terminus.  Interestingly,  this  stabilization  does  not  require 
either  the  acetyltransferase  activity  of  p300  or  the  serine  residue 
219  in  the  context  of  DSGXXXS  within  ATF4  molecule  that  is 
known  to  be  required  for  ATF4  degradation  via  the  SCF,:  rrCP 
and  the  26  S  proteasome  (51). 

TFIlAy  stimulation  of  Ocn  gene  transcription  is  dependent 
on  the  presence  of  both  ATF4  and  Runx2.  As  a  master  regulator 
of  osteoblast  differentiation,  Runx2  alone  is  sufficient  to  acti¬ 
vate  expression  of  many  osteoblast-specific  genes,  including 
Ocn  and  Bsp,  by  direct  binding  to  their  promoters  (13).  In  con¬ 
trast,  although  ATF4  directly  binds  to  the  OSE1  site  of  the 
mouse  Ocn  gene  and  activates  OSE1,  it  alone  is  not  sufficient  for 
activation  of  the  endogenous  Ocn  gene  or  the  657-bp  mOG2 
promoter  which  contains  sufficient  information  for  the  bone- 
specific  expression  of  Ocn  in  vivo  (54).  Instead,  ATF4  stimula¬ 
tion  of  Ocn  is  dependent  on  the  presence  of  Runx2  as  demon¬ 
strated  by  our  recent  study  (25).  ATF4  interacts  with  Runx2  and 
activates  Runx2-dependent  transcriptional  activity.  A  recent 
study  shows  that  SATB2,  a  nuclear  matrix  protein  that  directly 
interacts  with  both  ATF4  and  Runx2,  activates  osteoblast  dif¬ 
ferentiation  and  controls  craniofacial  patterning  in  vivo  (55). 
This  study  shows  that  although  TFIlAy  interacts  with 
Runx2,  it  does  not  directly  activate  Runx2.  Like  ATF4, 
TFIlAy  alone  is  not  sufficient  to  activate  transcription  from 
either  the  Ocn  gene  or  the  657-bp  mOG2  promoter.  In  fact, 
even  TFIlAy  and  ATF4  together  are  not  sufficient  for  Ocn 
gene  expression  without  the  presence  of  Runx2  (Fig.  5). 
However,  in  the  presence  of  both  ATF4  and  Runx2,  TFIlAy 
greatly  activates  Ocn  gene  expression. 

General  transcription  factors  were  originally  defined  as  such 
because  they  were  thought  to  be  universally  required  for  tran¬ 
scription.  In  eukaryotic  cells,  initiation  of  transcription  is  a 
complex  process,  which  requires  RNA  polymerase  II  and  many 
other  basal  transcription  factors  and/or  cofactors,  including 
TFIIA,  TFIIB,  TFIID  (TBP  or  TATA  box-binding  protein), 
TFIIE,  TFIIF,  and  TFIIH  (56  -59).  Binding  of  TBP  to  the  TATA 
box  is  the  first  step,  which  is  regulated  by  TFIIA.  TFIIA 
enhances  transcription  by  interacting  with  TBP  and  stabilizing 
its  binding  to  DNA  (32,  33).  More  and  more  evidence  shows 
that  general  transcription  factors  play  unique  roles  in  the  regu¬ 
lation  of  tissue-specific  gene  expression  under  physiological 
and  pathological  conditions.  For  example,  the  androgen  recep¬ 
tor  ,  via  its  N-terminal  AF1  domain,  interacts  with  basal  tran¬ 
scription  factors  TBP  and  TFIIF  and  activates  tissue-specific 
transcription  in  target  tissues  and  cells  (60).  Likewise,  TAFII17 
(a  component  of  the  TFIID  complex),  via  specific  protein-pro¬ 
tein  interactions  with  the  vitamin  D  receptor  (VDR),  increases 
osteoclast  formation  from  osteoclast  precursors  in  response  to 
1,25-dihydroxyvitamin  D3  in  patients  with  Paget  disease  (61). 
In  osteoblasts,  bone  transcription  factors  such  as  Runx2  and 
ATF4  directly  bind  to  specific  DNA  sequences  in  their  target 
gene  promoters  ( i.e .  OSE2  or  NMP2  and  OSE1,  respectively) 
and  activate  osteoblast-specific  gene  expression,  osteoblast  dif¬ 
ferentiation,  and  bone  formation  (1, 10-14,  24,  43).  Obviously, 
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FIGURE  7.  TFIlAy  increases  the  levels  of  ATF4  protein.  C3H10T1/2  (A)  and  COS-7  (6)  cells  were  transfected 
with  1  pg  of  pCMV/ATF4or  pCMV/Runx2  and  increasing  amounts  of  FLAG-TFIlAyexpression  vector  (0,0.5  1,2 
pg)  followed  by  Western  blotting  for  ATF4,  TFIlAy,  Runx2,  and  /3-actin  (top)  or  RNA  preparation  and  RT-PCR  for 
Atf4  and  Hprt  mRNA  (bottom).  ROS1 7/2.8  (Q  and  MC-4  (D)  cells  were  transfected  with  increasing  amounts  of 
FLAG-TFIlAyexpression  vector  (0,0.5, 1,  and  2  pg).  Experiments  were  repeated  three  times  with  similar  results. 
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FIGURE  8.  TFIlAy  increases  ATF4  protein  stability.  C3H10T1/2  cells  were 
transfected  with  1.0  pg  ATF4  (A)  or  Runx2  (6)  expression  vector  with  and 
without  1 .0  pg  of  TFIIA  expression  vector.  After  36  h,  cells  were  treated  with 
50  p,g/ml  of  protein  synthesis  inhibitor  cycloheximide  (CHX)  and  harvested  at 
different  time  points  (0, 1,and  3  h)  followed  by  Western  blot  analysis  for  ATF4 
and  Runx2.  Experiments  were  repeated  three  times  with  similar  results. 
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cooperative  interactions  between 
osteoblast-specific  transcription 
factors  and  basal  (general)  tran¬ 
scriptional  machinery  are  essential 
for  achieving  maximal  transcription 
of  osteoblast-specific  genes.  How¬ 
ever,  little  is  known  about  these 
interactions.  Experiments  from  this 
study  demonstrate  that  TFIlAy, 
which  is  expressed  at  high  level  in 
osteoblasts,  facilitates  osteoblast- 
specific  gene  expression  via  two 
mechanisms.  1)  TFIlAy  stabilizes 
ATF4  and  increases  the  levels  of 
ATF4  proteins.  The  increased  levels 
of  ATF4  further  activate  Runx2 
activity  and  Ocn  transcription  (25). 
2)  Through  its  ability  to  directly 
interact  with  both  ATF4  and  Runx2, 
TFIlAy  could  recruit  these  two  crit¬ 
ical  bone  transcription  factors  to  the 
basal  transcriptional  machinery  and 
greatly  enhance  osteoblast-specific 
gene  expression.  In  support  of  our 
observation,  Guo  and  Stein  (62) 
showed  that  Yin  Yang-1  (YY1)  reg¬ 
ulates  vitamin  D  enhancement  of 
Ocn  gene  transcription  by  interfer¬ 
ing  with  interactions  of  the  VDR  with  both  the  VDR  element 
and  TFIIB.  TFIIB  interacts  with  both  VDR  and  YY1  (63).  Like¬ 
wise,  Newberry  et  al.  (64)  showed  that  TFIIF  (RAP74  and 
RAP30)  mediates  Msx2  (a  homeobox  transcription  factor 
required  for  craniofacial  development)  inhibition  of  Ocn  pro¬ 
moter  activity.  Finally,  a  recent  study  showed  that  TFIIB  could 
directly  bind  to  the  transactivation  domain  of  Osterix,  another 
important  osteoblast  transcription  factor  (65). 

TFIIA  consists  of  three  subunits  designated  TFIIAa,  TFIIAj3, 
and  TFIlAy.  TFIIAa  and  TFIIAJ3  are  produced  by  a  specific 
proteolytic  cleavage  of  the  aj3  polypeptide  that  is  encoded  by 
TFIIA-L  (31,  33).  TFIlAy  is  the  smallest  subunit  with  a  molec¬ 
ular  mass  of  12  kDa  (42).  Although  it  is  encoded  by  a  distinct 
gene  (TFIlAy),  TFIlAy  shares  a  high  degree  of  homology  with 
TFIIAa  and  TFIIAJ3.  Interestingly,  TFIIAa  activates  testis-spe¬ 
cific  gene  expression  via  interactions  with  a  tissue-specific  part¬ 
ner,  ACT  (activator  of  CREM  in  testis)  and  CREM  (34).  Like¬ 
wise,  TFIIAa  enhances  human  T-cell  lymphotropic  virus  type  1 
gene  activation  through  interactions  with  the  Tax  protein,  a 
factor  associated  with  adult  enhances  human  T-cell  lympho¬ 
tropic  virus  type  1  ( HTLV-1 )  (35,  66).  It  remains  to  be  deter¬ 
mined  whether  TFIIAa  and  TFIIAJ3  can  also  interact  with 
ATF4  and  Runx2  and  similarly  activate  osteoblast-specific  gene 
expression. 

It  should  be  noted  that  although  TFIlAy  belongs  to  the  fam¬ 
ily  of  general  transcription  factors,  its  expression  seems  to  show 
some  tissue  or  cell  specificity.  Osteoblastic  cells  (MC-4  cells 
and  ROS17/2.8),  C3H10T1/2  fibroblasts,  and  LI  preadipocytes 
express  high  levels  of  TFIlAy  proteins.  In  contrast,  the  levels  of 
TFIlAy  protein  were  undetectable  in  F9  teratocarcinoma  cells 
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FIGURE  9.  Role  of  TFIlAy  in  osteoblast-specific  Ocn  gene  expression.  In 

osteoblasts,  when  the  level  of  TFIlAy  is  high  (A),  ATF4and  Runx2are  recruited 
to  the  transcriptional  initiation  complex  of  the  mOG2  promoter  through 
direct  binding  to  TFIlAy,  which  in  complex  with  RNA  polymerase  II  and  many 
other  basal  transcription  factors  and/or  cofactors,  including  TFIIA,  TFIIB,  TBP 
(TFIID), TFIIE, TFIIF,  and  TFIIH,  leads  to  an  increase  in  transcription.  In  contrast, 
when  the  level  of  TFIlAy  is  low  (B),  ATF4  and  Runx2  are  not  recruited  to  the 
basal  transcriptional  machinery,  resulting  in  a  decrease  in  transcription.  Level 
of  TFIlAy  can  be  regulated  by  factors  to  be  defined. 

and  COS-7  on  Western  blots.  The  meaning  of  this  observation 
remains  unknown. 

These  findings  suggest  that  TFIlAy  is  a  critical  factor  regu¬ 
lating  ATF4  stability  and  functions  as  a  molecular  linker 
between  ATF4  and  Runx2  and  the  basal  transcriptional 
machinery.  TFIlAy  may  play  a  unique  role  in  the  regulation  of 
osteoblast-specific  gene  expression  and  ultimately  osteoblast 
differentiation  and  bone  formation.  A  working  model  is  pro¬ 
posed  in  Fig.  9,  which  summarizes  the  role  of  TFIlAy  in  osteo¬ 
blast-specific  mOG2  gene  expression.  Future  study  aimed  at 
identifying  factors  that  affect  levels  and  activity  of  TFIlAy  will 
allow  us  to  address  the  functional  significance  of  TFIlAy  in 
osteoblast  function  in  greater  detail. 
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ABSTRACT 

Activating  transcription  factor  4  (ATF4)  is  essential  for  bone  formation.  However,  the  mechanism  of  its  actions  in  hone  is  poorly  understood. 
The  present  study  examined  the  role  for  ATF4  in  the  regulation  of  proliferation  and  survival  of  primary  mouse  bone  marrow  stromal  cells 
(BMSCs)  and  osteoblasts.  Results  showed  that  Atf4 cells  display  a  severe  proliferative  defect  as  measured  by  multiple  cell  proliferation 
assays.  Cell  cycle  progression  of  Atf4 BMSCs  was  largely  delayed  with  significant  G 1  arrest.  Expression  of  cyclin  D 1  was  decreased  both  at 
the  mRNA  and  protein  level.  A  similar  proliferation  defect  was  observed  in  Atf4 calvarial  periosteal  osteoblasts  when  compared  with  wt 
control.  Knocking  down  Atf4  mRNA  by  small  interfering  RNA  in  MC3T3-E1  subclone  4  preosteoblasts  markedly  reduced  expression  of  cyclin 
D 1  and  cell  proliferation.  In  contrast,  overexpression  of  ATF4  increased  cyclin  D 1  expression  as  well  as  cell  proliferation  in  Atf4 BMSCs. 
In  addition,  apoptosis  was  significantly  increased  in  Atf4~l~  BMSCs  and  calvarial  periosteal  osteoblasts  relative  to  wt  controls.  Taken 
together,  these  results  for  the  first  time  demonstrate  that  ATF4  is  a  critical  regulator  of  proliferation  and  survival  in  BMSCs  and  osteoblasts  in 
vitro  and  in  vivo.  J.  Cell.  Biochem.  105:  885-895,  2008.  ©  2008  Wiley-Liss,  Inc. 

KEY  WORDS:  ATF4;  OSTEOBLASTS;  PROLIFERATION;  APOPTOSIS;  CELL  CYCLE;  CYCLIN  D1 


Activating  transcription  factor  4  (ATF4),  also  known  as 
cAMP-response  element-binding  protein  2  (CREB2)  [Kar- 
pinski  et  al.,  1992]  and  Tax-responsive  enhancer  element  B67 
(TAXREB67)  [Tsujimoto  et  al.,  1991],  is  a  ubiquitous  basic  leucine- 
zipper  transcription  factor  that  is  a  member  of  the  ATF/CREB  protein 
family.  This  family  includes  cAMP-response  element-binding 
protein  (CREB),  cAMP-response  element  modulator  (CREM), 
ATF1,  ATF2,  ATF3,  and  ATF4  [Ziff,  1990;  Brindle  and  Montminy, 
1992;  Meyer  and  Habener,  1993;  Sassone-Corsi,  1994;  Hai  et  al., 
1999].  ATF4  functions  as  both  transcriptional  repressor  and 
activator  by  forming  homodimers  and  heterodimers  with  members 
of  the  AP- 1  and  C/EBP  family  of  protein,  or  interacting  with  many 
other  partners,  such  as  human  T-cell  lymphotropic  virus  type  1, 


granulocyte  colony-stimulating  factor  promoter  element  1  -binding 
protein,  insulin-like  growth  factor-binding  protein- 1,  NF-E2- 
related  factor  2,  c-maf,  p300,  Zhangfei,  factor  inhibiting  ATF4- 
mediated  transcription,  special  AT-rich  sequence  binding  protein  2, 
transcription  factor  ILAy,  and  runt-related  transcription  factor  2  [Hai 
and  Curran,  1991;  Chevray  and  Nathans,  1992;  Nishizawa  and 
Nagata,  1992;  Vallejo  et  al.,  1993;  Vinson  et  al.,  1993;  Motohashi 
et  al.,  1997;  Reddy  et  al.,  1997;  He  et  al.,  2001;  Lassot  et  al.,  2005; 
Xiao  et  al.,  2005;  Yu  et  al.,  2005,  2008b;  Dobreva  et  al.,  2006;  Hogan 
et  al.,  2006].  ATF4  expression  is  up-regulated  by  several  factors/ 
stressors,  including  oxygen  deprivation,  endoplasmic  reticulum 
stress,  oxidative  stress  [Ameri  et  al.,  2004;  Blais  et  al.,  2004;  Roybal 
et  al.,  2005], 


I  Abbreviations  used:  ATF4,  activating  transcription  factor  4;  Foxol,  forkhead  box  01:  BMSCs,  bone  marrow  stromal 
cells;  CDKs,  cyclin-dependent  kinases;  CDKIs,  cyclin-dependent  kinase  inhibitors. 
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A  role  for  ATF4  in  bone  development  was  established  using  Atf4- 
deficient  mice  [Yang  et  al.,  2004].  Atf4 mice  have  a  dramatically 
reduced  bone  formation  rate  and  bone  mineral  density  (severe 
osteoporosis)  that  persists  throughout  life.  The  expression  of  both 
osteocalcin  (0cm)  and  bone  sialoprotein  (Bsp),  both  markers  for 
terminally  differentiated  osteoblasts,  was  markedly  reduced  in  Atf4- 
deficient  osteoblasts,  suggesting  a  critical  role  for  ATF4  in  osteoblast 
differentiation.  The  Atf4 skeleton  is  much  smaller  relative  to  its 
wild-type  (wt)  control  littermate,  suggesting  reduced  numbers  of 
bone  cells.  However,  it  is  not  known  if  ATF4  regulates  osteoblast 
proliferation. 

Cell  cycle  progression  is  a  complex  process  that  regulates  cell 
proliferation.  Cell  cycle  consists  of  several  phases  including  G1 
(from  the  end  of  the  previous  M  phase  till  the  beginning  of  DNA 
synthesis),  S  (DNA  synthesis),  G2  (significant  protein  synthesis 
occurs  during  this  phase),  and  M  phase  (cell  splits  itself  into  two 
distinct  cells)  [Sherr  and  Roberts,  2004].  In  addition,  quiescent  cells 
are  in  GO  phase.  Cell  cycle  progression  is  a  highly  regulated  process 
in  that  DNA  replication  occurs  only  once  in  each  cycle.  Transition 
from  one  phase  to  another  is  regulated  by  distinct  cyclin-dependent 
kinases  (CDKs)  that  are  regulated  by  various  cyclins,  CDK  inhibitors, 
and  phosphorylations.  Distinct  cyclins  and  appropriate  CDKs  form 
complexes  that  function  at  different  points  of  the  cell  cycle  [Sherr 
and  Roberts,  2004].  For  example,  formation  of  cyclin  D1-CDK4/6 
complex  in  early  to  mid  G1  phase  activates  the  kinases  that 
phosphorylate  and  inactivate  the  tumor  suppressor  Rb,  a  critical  step 
that  is  necessary  for  the  transition  from  G1  to  S  phase  [Kato  et  al., 
1994;  Sherr,  1994;  Zhao  et  al.,  2001].  The  activity  of  cyclin  E-CDK2 
is  periodic  and  maximal  at  the  G1  to  S  phase  transition  [Roberts 
et  al.,  1994;  Ohtsubo  et  al.,  1995].  Cyclin  Al  activates  CDK2  and  is 
essential  at  the  Gl/S  boundary  and  throughout  S  phase  [Pagano 
et  al.,  1992].  In  addition,  cyclin-CDK  complexes  also  have  a 
noncatalytic  role  in  G1  phase  by  sequestering  proteins  of  the  cip/kip 
family,  including  p27klp  and  p21clp,  both  CDK2  inhibitors  (CDKIs) 
that  negatively  regulate  cell  cycle  progression  [Hofmann  and 
Livingston,  1996]. 

Apoptosis  is  a  form  of  cell  death  in  which  a  programmed  sequence 
of  events  leads  to  the  destruction  of  cells.  It  occurs  in  both 
physiological  and  pathological  conditions  when  the  body  needs  to 
eliminate  aged  cells,  unnecessary  cells,  and  unhealthy  cells.  The 
caspase  family,  a  set  of  cysteine  proteases  that  cleave  a  variety  of 
substrates,  plays  a  crucial  role  in  apoptosis.  Caspases  are  divided 
into  two  groups:  “initiator”  caspases  such  as  caspase-8  and  -9  and 
“executioner”  caspases  including  caspase-3,  -6,  and  -7  [Shi,  2002]. 
During  apoptosis,  after  being  activated  by  various  forms  of  stress 
such  as  inadequate  growth  factor  support  and  different  types 
of  intracellular  damage,  initiator  caspases  proteolytically  cleave 
executioner  caspases  that  cause  cell  death  events  such  as  cytoplasm 
shrinkage,  chromatin  condensation,  and  DNA  fragmentation.  B-cell 
lymphoma  2  (Bcl-2)  is  the  prototype  for  a  family  of  mammalian 
genes  encoding  the  proteins  that  control  mitochondrial  outer 
membrane  permeabilization  (MOMP)  and  can  be  either  pro- 
apoptotic  (Bax,  BAD,  Bak,  and  Bok)  or  anti-apoptotic  (including 
Bcl-2,  Bcl-xL,  and  Bcl-w)  [Adams,  2003].  Atf4 mice  are  blind 
due  to  excessive  apoptosis  of  cells  in  the  lens  epithelium  [Kato 
et  al.,  1994;  Sherr  and  Roberts,  2004],  suggesting  a  critical  role  for 


ATF4  in  protecting  these  cells  from  apoptosis  under  physiological 
condition. 

The  aim  of  this  study  was  to  determine  the  effects  of  ATF4  in  the 
regulation  of  proliferation  and  apoptosis  in  primary  BMSCs  and 
osteoblasts. 

MATERIALS  AND  METHODS 


REAGENTS 

Tissue  culture  media  were  purchased  from  Invitrogen  (Carlsbad,  CA) 
and  fetal  bovine  serum  from  HyClone  (Logan,  UT).  Other  reagents 
were  obtained  from  the  following  sources:  Antibodies  against 
cyclins  Dl,  D3,  p21,  p27,  CDK2,  and  horseradish  peroxidase- 
conjugated  mouse  or  goat  IgG  from  Santa  Cruz  (Santa  Cruz,  CA), 
mouse  monoclonal  antibody  against  (3-actin  from  Sigma  (St.  Louis, 
MO),  BrdU  immunostaining  kit  (Zymed  Laboratories  Inc.,  San 
Francisco,  CA)  from  Invitrogen,  ApopTag  Peroxidase  In  Situ 
Apoptosis  Detection  Kit  from  Chemicon  (Temecula,  CA).  Hoechst 
staining  reagent  was  kindly  provided  by  Dr.  Rentian  Feng  of  the 
University  of  Pittsburgh.  All  other  chemicals  were  of  analytical 
grade. 

Atf4-DEFICIENT  MICE 

Breeding  pairs  of  ATF4  heterozygous  mice  were  described 
previously  [Yu  et  al.,  2008a]  and  used  to  generate  Atf4  wild-type 
(wt)  ( Atf4+I+ ),  heterozygous  ( Atf4+I~ )  and  homozygous  mutant 
(Atf4~l~)  mice  for  this  study.  All  research  protocols  were  approved 
by  the  Institutional  Animal  Care  and  Use  Committee  of  the  VA 
Pittsburgh  Healthcare  System,  where  this  study  was  conducted. 

HISTOLOGICAL  EVALUATION 

Six-week-old  wt  and  Atf4 mice  were  euthanized  and  calvariae 
were  fixed  in  10%  formalin  at  4°C  for  24  h,  decalcified  in  10%  EDTA 
(pH  7.4)  for  10  days,  and  embedded  in  paraffin.  Calvariae  were  then 
bisected  perpendicular  to  the  sagittal  suture  through  the  central 
portion  of  the  parietal  bones,  parallel  to  lamboidal  and  coronal 
sutures,  and  embedded  in  paraffin  to  obtain  sections  of  a  standard 
area  according  to  the  method  described  by  Zhao  et  al.  [2000]. 

CELL  CULTURES  AND  ISOLATION  OF  PRIMARY  BMSCs 

Mouse  MC3T3-E1  subclone  4  (MC-4)  preosteoblasts  were  described 
previously  [Xiao  et  al.,  1997;  Wang  et  al.,  1999]  and  maintained  in 
ascorbic  acid-free  alpha-modified  Eagle’s  medium  (alpha-MEM), 
10%  fetal  bovine  serum  (FBS),  and  1%  penicillin/streptomycin 
(proliferation  medium).  Isolation  of  mouse  primaiy  BMSCs  was 
described  previously  [Xiao  et  al.,  2002].  Briefly,  6-week-old  male  wt 
and  Atf4 mice  were  euthanized.  Femurs  and  tibias  were  isolated 
and  the  epiphyses  were  cut.  Marrow  was  flushed  with  alpha-MEM 
containing  20%  FBS  and  1%  penicillin/streptomycin  into  a  100-mm 
dish  and  the  cell  suspension  was  aspirated  up  and  down  with  a 
20-gauge  needle  in  order  to  break  clumps  of  marrow.  The  cell 
suspension  was  then  cultured  in  a  T75  flask  in  the  same  medium. 
After  10  days,  cells  reached  confluency  and  were  ready  for 
experiments. 
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ELECTROPORATION 

Primary  BMSCs  were  transfected  using  an  Amaxa  Nucleofector 
device  (Cologne,  Germany)  as  described  by  Nakashima  et  al.  [2005]. 
Briefly,  2  x  106  BMSCs  were  suspended  in  100  p.1  solution  from  Cell 
Line  Nucleofector  Kit  V  (Amaxa  Biosystems,  Cologne,  Germany)  and 
mixed  with  indicated  plasmid  DNAs.  Cells  were  electroporated  using 
the  Program  A-23  of  the  Amaxa  Nucleofector  device.  Immediately 
after  electroporation,  cells  were  seeded  for  experiments. 

MTS  ASSAY 

MTS  assay  was  described  previously  [Singha  et  al.,  2007].  Briefly, 
1  x  104  cells/well  were  planted  in  a  96-well  plate  in  100  p.1 
proliferation  medium.  Cells  were  incubated  at  37°C  for  24  h  to  allow 
attachment.  The  medium  was  changed  every  48  h.  At  different  time 
points,  20  pi  of  CellTitre96AQ  solution  reagent  (Promega,  Madison, 
WI)  was  added  into  each  well  and  incubated  for  2  h.  Finally,  the 
absorbance  was  recorded  at  490  nm  using  a  96-well  plate  reader. 

[3H]  thymidine  incorporation 

Cells  were  plated  in  12-well  plates  at  5  x  104  cells/well  in 
proliferation  medium  for  24  h  and  switched  to  0.1%  FBS  alpha- 
MEM  for  another  24  h  and  [3H]  thymidine  was  then  added  to  a  final 
concentration  of  5  pCi/ml  and  incubated  at  37°C  for  1  h  in 
proliferation  medium.  Medium  was  removed  by  aspiration,  and  cells 
were  washed  twice  with  ice-cold  serum-free  alpha-MEM.  Cell  were 
extracted  twice  with  10%  trichloroacetic  acid  (TCA)  on  ice  for  5  min. 
TCA  precipitates  were  solubilized  by  adding  10%  SDS  for  2  min 
at  room  temperature.  Cells  were  harvested,  and  the  amount 
of  radioactivity  was  measured  by  liquid  scintillation  counting 
(Beckman  Instruments,  Inc.,  Fullerton,  CA). 

BR0M0DE0XYURIDINE  (BrdU)  INCORPORATION  ASSAY 

BrdU  labeling  reagent  was  purchased  from  Invitrogen.  BrdU  staining 
was  performed  using  cells  cultured  in  8-well  culture  chambers 
(Nalgene  Nunc,  NY)  or  10-pm  sections  of  calvariae  from  wt  and 
Atf4 mice.  Cells  were  cultured  in  8-well  chamber  at  a  density 
of  105  cells/well  in  400  pi  proliferation  medium.  After  4  days, 
cells  from  four  identically  treated  wells  per  group  were  labeled  with 
BrdU  (1:100  dilution)  overnight  in  the  same  medium.  For  calvarial 
sections,  wt  and  Atf4 mice  (6/group)  were  injected  intraper- 
itoneally  with  100  pg  bromodeoxyuridine  (BrdU)/ 12  pg  fluor- 
odeoxyuridine  (FdU)  per  gram  of  body  weight  4  h  before  sacrifice. 
After  sacrifice,  10-pm  sections  of  calvariae  were  obtained  as 
described  previously  [Demiralp  et  al.,  2002].  To  identify  actively 
proliferating  cells,  nuclei  that  have  incorporated  BrdU  were  detected 
using  a  Zymed  BrdU  immunostaining  kit  according  to  the 
manufacturer’s  instruction.  BrdU-positive  cells  on  the  periosteal 
surface  of  calvariae  were  counted  and  normalized  to  the  total 
periosteal  cell  numbers  in  the  same  area  [Zhao  et  al.,  2004]. 

FLOW  CYTOMETRIC  ANALYSIS 

Primary  BMSCs  from  wt  and  Atf4 mice  were  cultured  in 
proliferation  medium  for  4  days  and  harvested.  5  x  105  cells  were 
suspended  in  1  ml  proliferation  medium  and  Vybrant  violent  dye 
(Invitrogen)  was  added  to  a  final  concentration  of  5  pM  and 
incubated  at  37°C  for  30  min.  The  distribution  of  BMSCs  throughout 


the  cell  cycle  was  assessed  by  flow  cytometry  using  405  nm 
excitation  and  440  nm  emission.  The  fraction  of  the  population  in 
each  phase  was  determined  as  a  function  of  DNA  content  using  an 
FACS  with  software. 

ApopTag  PEROXIDASE  IN  SITU  APOPTOSIS  DETECTION 

This  method  is  based  on  the  classical  TUNEL  assay  to  examine 
apoptosis  by  detecting  DNA  fragmentation.  Primary  BMSCs  from  wt 
and  Atf4~l~  mice  were  cultured  in  proliferation  medium  for  4  days 
and  stained  using  the  ApopTag  Peroxidase  In  Situ  Apoptosis 
Detection  Kit  according  to  the  manufacturer’s  instruction.  Cells  were 
counterstained  with  Hematoxylin.  Sections  of  wt  and  Atf4 
calvariae  (6/group)  were  prepared  and  stained  using  the  same  kit. 
Negative  controls  were  made  by  omitting  the  terminal  deoxynu- 
cleotidyl  transferase  (TdT).  All  positive  (brown)  and  negative  (blue) 
nuclei  were  counted.  Apoptotic  cells  on  the  periosteal  surface  were 
counted  and  normalized  to  the  total  cells  from  the  same  area. 

RNA  ISOLATION  AND  REVERSE  TRANSCRIPTION  (RT) 

Tibias  (6/group)  were  isolated  and  soft  tissues  were  removed.  Tibias 
were  frozen  in  liquid  nitrogen  and  ground  into  powder  using  a 
mortar  and  pestle  and  total  RNAs  from  each  group  were  isolated 
using  the  Trizol  reagent  (Invitrogen)  following  the  manufacturer’s 
protocol.  Reverse  transcription  (RT)  was  performed  using  1  pg  of 
denatured  RNA  and  100  pmol  of  random  hexamers  (Applied 
Biosystem,  Foster,  CA)  in  a  total  volume  of  25  p.1  containing  12.5  U 
MultiScribe  reverse  transcriptase  (Applied  Biosystem). 

QUANTITATIVE  REAL-TIME  PCR 

Quantitative  real-time  PCR  was  performed  on  an  iCycler  (BIO-RAD, 
Minneapolis,  MN)  using  a  SYBR®  Green  PCR  Core  Kit  (Applied 
Biosystem)  and  cDNA  equivalent  to  10  ng  RNA  in  a  50  microliter 
reaction  according  to  the  manufacturer’s  instructions.  The  DNA 
sequences  of  mouse  primers  used  for  real-time  PCR  were:  cyclin  D1 
(GenBank  Accession  number-NM-007631),  5'  GAG  GAG  GGG  GAA 
GTG  GAG  GA  3'  (forward,  +1, 049-bp),  5'  CCT  CTT  TGC  GGG  TGC 
CAC  TA  3'  (reverse,  +1, 170-bp);  Faro! (GenBank  Accession 
number-NM-0 19739),  5'  AGA  GGC  TCA  CCC  TGT  CGC  AGA  3' 
(forward,  +955-bp),  5'  GTG  AAG  GGA  CAG  ATT  GTG  GCG  A  3' 
(reverse,  +  1,080-bp);  Gapdh  (GenBank  Accession  number-NM- 
001001303),  5' -CAG  TGC  CAG  CCT  CGT  CCC  GTA  GA-3'  (forward, 
+32-bp),  5'-CTG  CAA  ATG  GCA  GCC  CTG  GTG  AC-3'  (reverse, 
+  127-bp).  For  all  primers  the  amplification  was  performed  as 
follows:  initial  denaturation  at  95°C  for  10  min  followed  by 
40  cycles  of  95°C  for  15  s  and  60°C  for  60  s.  Melting  curve  analysis 
was  used  to  confirm  the  specificity  of  the  PCR  products.  Six  samples 
were  run  for  each  primer  set.  The  levels  of  mRNA  were  calculated  by 
the  ACT  (the  difference  between  the  threshold  cycles)  method  [Wang 
et  al.,  2004].  The  mRNA  level  of  each  gene  was  normalized  to  Gapdh 
mRNA. 

WESTERN  BLOT  ANALYSIS 

Cells  were  washed  with  cold  1  x  PBS  and  lysed  in  1  x  Passive  Buffer 
(Promega)  at  RT  for  20  min.  Lysates  were  clarified  by  centrifugation 
(20  min,  13,000g,  4°C).  For  bone  tissues,  wt  and  tibias 

(6/group)  were  frozen  in  liquid  nitrogen  and  ground  into  powder 
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with  a  mortar  and  pestle.  Samples  were  solubilized  with  1  x  Passive 
Buffer  for  20  min  on  ice  and  sonicated  on  ice  (3  times,  5  s  each)  and 
lysates  were  then  clarified  by  centrifugation  (20  min,  13,000g,  4°C). 
Protein  concentrations  were  determined  by  the  method  developed 
by  Bio-Rad  Laboratories,  Inc.  (Hercules,  CA).  Twenty-five  micro¬ 
gram  of  total  protein  were  fractionated  on  a  10%  SDS-PAGE  gel 
and  transferred  onto  nitrocellulose  membranes  (Whatman).  The 
membrane  was  blocked  in  5%  nonfat  milk  in  Tris-buffered  saline/ 
Tween-20  (TBST)  buffer,  probed  with  antibodies  (1:1,000)  against 
cyclins  Dl,  D3,  CDK2,  p21,  and  p27  followed  by  incubation  with 
anti-rabbit  or  anti-mouse  antibodies  conjugated  with  horseradish 
peroxidase  (1:5,000)  and  visualized  using  an  enhanced  chemilu¬ 
minescence  kit  (Pierce,  Rockford,  IL).  Finally,  blots  were  striped 
2  times  in  buffer  containing  65  mM  Tris-Cl  (pH  6.8),  2%  SDS, 
and  0.7%  (v/v)  |3-mercaptoethanol  at  65°C  for  15  min  and  re-probed 
with  p-actin  antibody  (1:2,000)  for  normalization. 

SMALL  INTERFERING  RNA  (siRNA) 

MC-4  cells,  which  contain  high  levels  of  Atf4  mRNA,  were  seeded  at 
a  density  of  25,000  cells/cm2.  After  24  h,  cells  were  transfected  with 
mouse  Atf4  siRNA  (sense:  5'-GAG  CAU  UCC  UUU  AGU  UUA  GUU- 
3';  antisense:  5'-CUA  AAC  UAA  AGG  AAU  GCU  CUU-3')  or  negative 
control  siRNA  (low  GC,  Cat  #:  12935-200,  Invitrogen)  [Adams, 
2007;  Yu  et  al.,  2008a]  using  LipofectAMINE  2000  (Invitrogen). 
After  48  h,  cells  from  three  identically  treated  dishes  were  pooled 


and  harvested  for  total  RNA,  followed  by  quantitative  real-time 
RT-PCR  analysis  for  Atf4,  cyclin  Dl  and  Foxol  mRNAs.  A  second  set 
of  mouse  Atf4  siRNAs  was  purchased  from  Ambion  (Cat  # :  AMI  6704, 
ID#:  160775  and  160776)  and  used  to  confirm  the  results  using  the 
first  set  of  Atf4  siRNA. 

STATISTICAL  ANALYSIS 

Data  was  analyzed  with  GraphPad  Prism  software.  Students’  f-test 
was  used  to  test  for  differences  between  two  groups.  A  one-way 
AN OVA  analysis  was  used  followed  by  the  Dunnett’s  test  for 
Figures  1C,  5A-D,  6A-C,  and  7A,B.  Differences  with  a  P<  0.05  were 
considered  as  statistically  significant.  All  experiments  were  repeated 
a  minimum  of  3  times  with  triplicate  samples. 

RESULTS 


ATF4  DEFICIENCY  REDUCES  CELL  PROLIFERATION  IN  PRIMARY 
BMSCs  and  CALVARIAL  PERIOSTEAL  OSTEOBLASTS 

To  determine  if  ATF4  plays  a  role  in  the  regulation  of  osteoblast 
proliferation,  we  performed  several  experiments.  We  first  deter¬ 
mined  the  effects  of  ATF4  deficiency  on  the  numbers  of  total 
nucleated  bone  marrow  cells,  bone  marrow  from  6-week-old  male 
wt  and  Atf4~,~  mice  (6/group)  were  isolated.  After  lysing  the  red 
blood  cells  (RBCs)  using  the  RBC  lysis  buffer  (Sigma),  the  remaining 
nucleated  bone  marrow  cells  were  directly  counted  using  a 


Fig.  1 .  ATF4  is  required  for  primary  BMSC  proliferation.  A:  Total  nucleated  bone  marrow  cells.  Long  bones  (two  femurs  and  two  tibias)  from  6-week-old  male  wt  and  Atf4— /— 
mice  (6  mice  per  group)  were  isolated.  Bone  marrow  was  flushed  out  and  red  blood  cells  (RBC)  were  lysed  using  the  RBC  lysis  buffer.  Total  nucleated  bone  marrow  cells  were 
counted  using  a  hemacytometer.  B:  Colony  numbers  in  bone  marrow.  After  lysing  the  RBCs,  the  remaining  total  nucleated  bone  marrow  cells  from  each  mouse  (two  femurs  and 
two  tibias,  6  mice/group)  were  diluted  (1 :2,000)  and  cultured  in  proliferation  medium.  24  h  later,  the  non-adhering  cells  were  removed  by  washing  the  cells  3  times  with  1  x 
PBS.  Cells  were  then  cultured  in  proliferation  medium  for  1 0  days.  The  numbers  of  colonies  were  then  counted  using  a  microscope.  C:  MTS  assay.  Wt  and  Atf4  /  BMSCs  were 
seeded  at  a  density  of  104  cells/well  in  96-well  plate  and  cultured  in  proliferation  medium  for  0, 2, 4,  6,  and  8  days  followed  by  incubation  with  20  (jlI  of  CellTitre96AQ  solution 
reagent  for  2  h.  The  absorbance  was  recorded  at  490  nm  using  a  96-well  plate  reader.  D:  [3hl]  thymidine  incorporation,  wt  and  Atf4  /  BMSCs  were  plated  in  1 2-well  plates  at 
5  x  104  cells/well  in  proliferation  medium  for  24  h  and  switched  to  0.1  °/o  FBSalpha-MEM  for  24  h  and  [3H]  thymidine  was  then  added  to  the  culture  (proliferation  medium)  to  a 
final  concentration  of  5  |xCi/ml  and  incubated  at  37°C  for  1  h.  *P<  0.05  (wt  vs.  Atf4~/~),  Data  represent  mean±SD.  Experiments  were  repeated  3  times  and  qualitatively 
identical  results  were  obtained. 
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hemacytometer.  As  shown  in  Figure  1  A,  although  the  long  bones  of 
Atf4 mice  were  significantly  shorter  and  thinner  than  those  of 
wt  mice,  surprisingly,  we  found  no  significant  difference  in  the 
numbers  of  total  nucleated  bone  marrow  cells  between  wt  and 
Atf4 mice.  This  might  be  accounted  by  the  relatively  larger 
marrow  cavity  associated  with  the  reduced  cortical  and  trabecular 
bone  volume  observed  in  the  Atf4 mice.  We  next  determined 
whether  ATF4  deficiency  affects  the  numbers  of  total  bone  marrow 
stromal  cells  (BMSCs).  After  lysing  the  RBCs  as  described  above,  the 
remaining  total  nucleated  bone  marrow  cells  from  each  mouse  (two 
femurs  and  two  tibias,  6  mice/group)  were  diluted  (1:2,000)  and 
cultured  in  proliferation  medium.  Twenty-four  hours  later,  the  non¬ 
adhering  cells  were  removed  by  washing  the  cells  3  times  with  1  x 
PBS.  Cells  were  then  cultured  in  proliferation  medium  for  10  days. 
The  numbers  of  colonies  from  each  dish  were  then  counted  using  a 
microscope.  As  shown  in  Figure  IB,  the  number  of  BMSC  colonies 
per  mouse  (from  two  femurs  and  two  tibias)  was  significantly 
reduced  in  Atf4 group  compared  to  values  in  the  wt  group 
(P<  0.05,  wt  vs.  Atf4~l~).  This  decrease  could  be  explained  by  a 
cell-autonomous  defect  in  proliferation  and/or  survival  or  could  be 
secondary  to  an  impaired  bone  microenvironment  due  to  ATF4 
deficiency.  To  differentiate  these  possibilities,  we  conducted 
MTS  and  [3H]  thymidine  incorporation  assays.  For  the  MTS 
assay,  104  cells/well  of  wt  and  Atf4 BMSCs  were  seeded  in 
96-well  plate  and  were  cultured  in  proliferation  medium  for  0,  2,  4, 
6,  and  8  days.  Cell  numbers  were  then  measured  as  described 
previously  [Singha  et  al.,  2007].  As  shown  in  Figure  1C,  ATF4- 
deficient  cells  grew  at  significantly  reduced  rates  compared  to  wt 
cells.  For  the  [3H]  thymidine  incorporation  assays,  wt  and  Atf4 
BMSCs  were  cultured  in  proliferation  medium  for  4  days  and  labeled 
with  [3H]  thymidine  for  1  h  before  harvesting.  As  shown  in 
Figure  ID,  [3H]  thymidine  incorporation  into  the  DNA  of  Atf4~l~ 
BMSCs  was  decreased  by  fourfold  compared  to  values  in  wt  cells 
(P<0.05,  wt  vs.  Atf4~l~).  It  should  be  noted  that  the  adherent 
murine  BMSC  population  is  contaminated  with  macrophages, 
however,  macrophages  and  their  precursors  would  be  less 
proliferative  under  the  culture  conditions  used,  consequently,  the 
proliferation  measured  is  primarily  that  of  BMSCs.  To  determine  if 
ATF4  is  required  for  osteoblast  proliferation  in  vivo,  6-week-old  wt 
and  Atf4~l~  mice  were  injected  with  bromodeoxyuridine  (BrdU)/ 
fluorodeoxyuridine  (FdU)  4  h  before  sacrifice,  10-p.m  sections  of 
calvariae  were  obtained,  and  proliferating  cells  from  the  periosteal 
surface  were  counted  and  normalized  to  total  cells  from  the  same 
area.  As  shown  in  Figure  2A,  in  wt  calvariae,  periosteal  osteoblasts 
proliferated  very  actively  with  60%  of  the  total  cells  being  BrdU- 
positive.  In  contrast,  the  percent  BrdU-positive  osteoblasts  were 
significantly  reduced  in  Atf4~l~  calvariae  (P  <  0.05,  wt  vs.  Atf4~l~) 
(Fig.  2B,C).  It  should  be  noted  that  very  few  osteocytes  (mature 
osteoblasts)  that  permeate  the  bone  matrix  were  stained  BrdU- 
positive  in  both  wt  and  Atf4 calvariae.  Thus,  ATF4  is  required  for 
the  proliferation  of  BMSCs  or  osteoblasts  both  in  vitro  and  in  vivo. 

ATF4  IS  REQUIRED  FOR  CELL  CYCLE  PROGRESSION  AND 
CYCLIN  D1  EXPRESSION 

To  determine  whether  ATF4  is  required  for  cell  cycle  progression,  we 
performed  flow  cytometric  analysis  to  compare  the  cell  distribution 


+/+ 


Fig.  2.  ATF4  is  required  for  proliferation  of  calvarial  periosteal  osteoblasts  in 
vivo.  Six-week-old  male  wt  (A)  and  Atf4  '  (B)  mice  (6  mice  per  group)  were 
injected  intraperitoneally  with  100  |xg  bromodeoxyuridine  (BrdU)/l2  p,g 
fluorodeoxyuridine  (FdU)  per  gram  of  body  weight  4  h  before  sacrifice.  After 
sacrifice,  sections  of  calvariae  were  obtained.  C:  BrdU  positive  cells  on  the 
periosteal  surface  of  calvariae  were  counted  and  normalized  to  the  total  cells 
from  the  same  area.  *P<  0.05  (wt  vs.  Atf4  /  Data  represent  mean±SD. 
Arrows  indicate  BrdU-positive  (proliferating)  cells  and  A  indicates  BrdU- 
negative  (nonproliferating)  cells.  [Color  figure  can  be  viewed  in  the  online 
issue,  which  is  available  at  www.interscience.wiley.com.] 

across  different  phases  of  the  cell  cycle  between  wt  and  Atf4 
BMSCs.  As  shown  in  Figure  3,  ATF4-deficient  cells  showed  a 
significant  decrease  in  the  cell  distribution  into  both  S  and  G2/M 
phases  (32%  and  45%  change,  respectively)  when  compared  with 
values  of  wt  control  cells  ( P  <  0.05,  wt  vs.  Atf4 _/~).  In  contrast,  the 
fraction  of  the  cells  in  G1  was  not  reduced  by  ATF4  deficiency 
(P>  0.05,  wt  vs.  Atf4~l~).  Cell-cycle  progression  from  one  phase  to 
another  is  controlled  by  cyclin-dependent  kinases  (CDKs)  whose 
activity  is  mainly  regulated  by  distinct  cyclins  and  cyclin-dependent 
kinase  inhibitors  (CDKIs).  We  examined  the  effects  of  ATF4 
deficiency  on  the  expression  levels  of  critical  cyclin  Dl,  a  major 
regulator  of  cell  cycle  progression  and  cell  proliferation,  and  CDKIs. 
Wt  and  Atf4~l~  BMSCs  were  cultured  in  proliferation  medium  for 
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Fig.  3.  ATF4  deficiency  attenuates  cell  cycle  progression.  5  x  105  wt  (A,  top)  and  Atf4— /—  (A,  bottom)  BMSCs  were  suspended  in  1.0  ml  proliferation  medium  and  labeled 
using  the  Vybrant  DyeCycle  Violet  Stain  Kit  according  to  the  manufacturer's  instruction  [Invitrogen).  Cell  population  of  different  cell  cycle  phases  was  then  measured  by  flow 
cytometry  using  405  nm  excitation  and  440  nm  emission.  Quantitative  data  are  presented  in  panel  B.  *P<  0.05  [wt  vs.  Atf4  f  ).  Data  represent  mean  ±  SD.  Experiments  were 
repeated  3  times  and  qualitatively  identical  results  were  obtained.  P2,  P3(  and  P4  represent  cell  population  of  G1,  S  and  G2/M  phases,  respectively.  It  should  be  noted  that  scales 
are  different  from  +/+  and  — /— .  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 


4  days  followed  by  Western  blot  analysis  for  cyclin  Dl,  CDK2,  p21, 
and  p27.  As  shown  in  Figure  4A,  the  protein  level  of  cyclin  D 1  was 
markedly  decreased  in  Atf4 cells  relative  to  wt  control.  In 
contrast,  the  level  of  p21  protein  was  slightly  increased  in  Atf4 
cells.  Levels  of  both  p27  and  CDK2  proteins  were  low  in  BMSCs  and 
their  relative  abundance  did  not  display  any  significant  difference 
between  wt  and  Atf4 cells.  Quantitative  real-time  RT/PCR 
analysis  shows  that  the  level  of  cyclin  Dl  mRNA  was  reduced  by 
52°/o  in  Atf4 cells  compared  to  values  in  wt  controls  ( P  <  0.05,  wt 
vs.  Atf4~l~)  (Fig.  4B).  Note:  as  expected,  minimal  Atf4  mRNA  was 
detected  by  real-time  RT/PCR  in  Atf4 cells  (Fig.  4B,  top). 

To  determine  whether  ATF4  is  required  for  proliferation  of  the 
pre-osteoblast  cell  line,  MC-4,  which  expresses  high  levels  of  Atf4 
mRNA  and  protein,  the  cells  were  transiently  transfected  with  the 
indicated  concentrations  of  Atf4  siRNA  or  negative  control  siRNA 
(Invitrogen).  This  siRNA  specifically  targets  mouse  Atf4  mRNA 
[Adams,  2007;  Yu  et  al.,  2008a].  As  shown  in  Figure  5A,  levels  of 
Atf4  mRNA  were  efficiently  reduced  by  Atf4  siRNA  in  a  dose- 
dependent  manner.  In  contrast,  the  negative  control  (40  nM)  did  not 
reduce  Atf4  mRNA.  Importantly,  the  level  of  cyclin  Dl  mRNA  was 
significantly  reduced  by  Atf4  siRNA  in  a  dose-dependent  manner 
(Fig.  5B).  Conversely,  the  level  of  Foxol  mRNA,  a  factor  of  the 
forkhead  transcription  factor  family,  was  not  reduced  by  Atf4  siRNA 
(Fig.  5C).  Furthermore,  knocking-down  Atf4  mRNA  markedly 
reduced  MC-4  proliferation  as  measured  by  both  MTS  (Fig.  5D)  and 
BrdU  incorporation  assays  (Fig.  5E-G)  (P  <  0.05,  Ctrl  siRNA  vs.  Atf4 
siRNA).  Similar  results  were  obtained  when  a  different  set  of  Atf4 
siRNAs  was  used  in  MC-4  cells  (data  not  shown). 


OVEREXPRESSING  ATF4  RESCUES  THE  DEFECT  IN  CELL 
PROLIFERATION  IN  Atf4  1  BMSCs 

We  next  determined  whether  overexpression  of  ATF4  could  increase 
cell  proliferation  in  BMSCs.  To  this  end,  we  used  a  Cell  Line 


A  +/+  ./.  B 


Fig.  4.  ATF4  deficiency  decreases  cyclins  Dl  expression  in  primary  BMSCs. 
A:  Western  blot  analysis,  wt  and  Atf4  /  BMSCs  were  seeded  at  a  density  of 
5x  104  cells/cm2  in  35-mm  dish  and  cultured  in  proliferation  medium  for 
4  days.  Whole  cell  extracts  were  used  for  Western  blot  analysis  for  cyclin  Dl, 
p21,  p27,  CDK2,  and  beta-actin  (for  loading).  B:  Quantitative  real-time  RT/PCR. 
wt  and  Atf4~^~  BMSCs  were  treated  as  in  (A)  and  harvested  for  RNA  isolation 
and  quantitative  real-time  RT/PCR  analysis  for  cyclin  Dl  and  Atf4  mRNAs  that 
were  normalized  to  Gapdh  mRNA.  *P<  0.05  (wt  vs.  Atf4  / ) .  Experiments  were 
repeated  3  times  and  qualitatively  identical  results  were  obtained. 
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Fig.  5.  ATF4  siRNA  blocks  endogenous  cyclin  D1  expression  and  inhibits  cell  proliferation  in  MC-4  Cells.  A-C:  Quantitative  real-time  RT/PCR.  MC-4  cells  were  seeded  at  a 
density  of  5  x  104  cells/cm2  in  35-mm  dish  and  transiently  transfected  with  ATF4  siRNA  (0,  20,  40,  80  nM)  or  negative  control  siRNA  (40  nM).  After  48  h,  total  RNA  was 
prepared  for  quantitative  reai-time  RT-PCR  analysis  for  Atf4,  cyclin  D1  and  Foxol  mRNAs  that  were  normalized  to  Gapdh  mRNA.  D:  MTS  assay.  MC-4  cells  were  first  seeded  at  a 
density  of  5  x  104  cells/cm2  in  100-mm  dish  and  transiently  transfected  with  40  nM  ATF4  siRNA  or  negative  control  siRNA.  After  24  h,  cells  were  re-seeded  at  104  cells/well  in 
96-well  plate  in  proliferation  medium  for  indicated  times  followed  by  MTS  assay.  E-G:  Brdll  staining.  MC-4  cells  were  seeded  at  105  cells/well  in  8-well  chamber  and  transiently 
transfected  with  40  nM  ATF4  siRNA  or  negative  control  siRNA  and  cultured  in  proliferation  medium  for  4  days  followed  by  Brdll  staining.  ' P<  0.05  (control  siRNA  vs.  ATF4 
siRNA).  Data  represent  mean  ±  SD.  Experiments  were  repeated  at  least  3  times  and  qualitatively  identical  results  were  obtained.  Arrows  indicate  BrdU-positive  (proliferating) 
cells  and  A  indicates  Brdll-negative  (non-proliferating)  cells.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 


Nucleofector  Kit  V  and  a  Nucleofector  Device  from  Amaxa 
Biosystem  (Cologne,  Germany)  because  primary  mouse  BMSCs 
were  transfected  with  higher  than  40°/o  efficiency  by  using  this 
method  (data  not  shown).  To  determine  the  effects  of  ATF4 
overexpression  on  cyclins  expression,  Atf4 BMSCs  were 
electroporated  with  increasing  amounts  of  FLAG-ATF4-YFP 
expression  vector  (0,  0.5,  1,  and  2  p,g)  [Xiao  et  al.,  2005).  Thirty 
hours  later,  cells  were  harvested  for  the  preparation  of  total  RNA 
or  protein.  In  addition,  as  shown  in  Figure  6A,  Atf4  mRNA  was 
efficiently  expressed  in  primary  BMSCs  in  a  dose-dependent 
manner.  As  shown  in  Figure  6B,D,  ATF4  dose-dependently 
stimulated  cyclin  D1  expression  both  at  the  mRNA  and  protein 
level.  In  contrast,  overexpressing  ATF4  failed  to  elevate  the  level  of 
cyclin  D3  mRNA  and  protein  (Fig.  6C,D).  As  shown  in  Figure  7,  ATF4 
overexpression  significantly  increased  the  rate  of  proliferation  in 
Atf4~l~  BMSC  as  measured  by  direct  cell  count,  MTS  assay,  and 
BrdU  staining  (P<0.05,  Ctrl  vs.  ATF4).  Overexpressing  ATF4 
similarly  increased  cyclin  D 1  expression  and  cell  proliferation  in  wt 
BMSCs  (data  not  shown). 

Taken  together,  these  results  clearly  establish  that  ATF4  increases 
cell  proliferation  probably  via  promoting  expression  of  cyclin  D 1 
and  cell  cycle  progression. 


ATF4  DEFICIENCY  INCREASES  CELL  APOPTOSIS 

ATF4  is  known  to  prevent  lens  epithelium  from  apoptosis  [Tanaka 
et  al.,  1998;  Hettmann  et  al.,  2000).  As  an  initial  step  to  determine 
if  ATF4  regulates  apoptosis  in  BMSCs,  wt  and  Atf4 cells  were 
cultured  in  proliferation  media  for  4  days  and  stained  by  the  Hoechst 
method  [Yamanaka  et  al.,  2003).  As  shown  in  Figure  8A-C,  the 
numbers  of  apoptotic  cells  including  those  with  shrinking  cytoplasm 
and  chromatin  condensation  (early  apoptosis)  and  DNA  fragmenta¬ 
tion  (late  apoptosis)  were  increased  greater  than  fivefold  in  Atf4 
BMSCs  compared  to  wt  cells  (P<  0.05,  wt  vs.  Atf4 _/~).  To  confirm 
this  finding,  wt  and  Atf4 BMSCs  were  stained  using  the  ApopTag 
Peroxidase  In  Situ  Apoptosis  Detection  Kit,  a  modified  TUNEL 
staining  that  measures  DNA  fragmentation  in  situ.  As  shown  in 
Figure  8D-F,  the  percent  apoptotic  cells  in  Atf4~l~  BMSCs  were 
increased  by  1.6-fold  when  compared  to  wt  cells  (P<0.05,  wt  vs. 
Atf4~l~).  To  determine  if  ATF4  deficiency  increases  osteoblast 
apoptosis  in  vivo,  10-p.m  calvarial  sections  from  wt  and  Atf4~,~ 
mice  were  obtained  and  stained  using  the  same  kit.  Apoptotic  cells 
that  stained  brown  on  the  periosteal  surface  of  calvariae  were 
counted  and  normalized  to  total  cells  of  the  same  periosteal  surface. 
As  shown  in  Figure  8G-I,  a  significant  increase  in  apoptosis  was 
found  in  Atf4 mice  compared  to  wt  controls  (P<0.05,  wt  vs. 
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Fig.  6.  Overexpression  of  ATF4  increases  cyclin  D1  expression.  A-C:  Quantitative  real-time-RT/PCR.  Atf4~/_  BMSCs  (2  x  106  cells/group)  were  electroporated  with  increasing 
amounts  of  FLAG-ATF4-YFP  expression  vector  (0,  0.5, 1,  and  2  pig).  The  amount  of  plasmid  DNAs  was  balanced  as  necessary  with  beta-galactosidase  expression  plasmid  such 
that  the  total  DNA  was  constant  in  each  group.  Thirty  hours  later,  cells  were  harvested  for  the  preparation  of  total  RNA  and  quantitative  real-time  RT/PCR  analysis.  D:  Western 
blot  analysis.  Cells  were  treated  as  in  (A)  and  harvested  for  whole  cell  extracts  preparation  and  Western  blot  analysis.  *P<  0.05  (beta-gal  vs.  ATF4).  Data  represent  mean  ±  SD. 
Experiments  were  repeated  at  least  3  times  and  qualitatively  identical  results  were  obtained. 


Atf4  1  ).  Thus,  ATF4  protects  osteoblasts  from  apoptosis  under 
physiological  condition. 

DISCUSSION 

In  this  study,  we  used  two  complementary  approaches  to  establish 
the  requirement  for  ATF4  in  the  regulation  of  proliferation  in 


primary  BMSCs  and  a  preosteoblast  cell  line  (MC-4  cells) :  (i)  loss-of- 
function  studies  using  Atf4 or  Atf4  siRNA-treated  cells  demon¬ 
strate  that  cell  proliferation  is  significantly  reduced  in  the  absence  of 
ATF4;  and  (ii)  gain-of- function  experiments  via  overexpression  of 
ATF4  show  that  ATF4  enhances  osteoblast  proliferation  in  both  wt 
and  Atf4~'~  BMSCs.  In  addition,  this  study  reveals  that  ATF4 
protects  osteoblasts  against  apoptosis.  Thus,  the  reduced  bone  mass 


Fig.  7.  Overexpression  of  ATF4  increases  BMSC  proliferation.  A:  Direct  cell  count.  Atf4_/  BMSCs  were  electroporated  as  in  Figure  6A.  5  x  103  cells/well  were  seeded  in 
96-well  plates  in  proliferation  medium  for  4  days  followed  by  direct  cell  count  using  a  hemacytometer.  B:  MTS  assay.  Cells  were  electroporated  as  in  Figure  6A.  After 
electroporation,  cells  were  used  for  the  MTS  assay  as  in  Figure  1 C.  C-E:  BrdLI  staining.  Cells  were  electroporated  as  in  Figure  6A.  After  electroporation,  cells  were  used  for  the 
Brdll  staining.  *P<  0.05  (beta-gal  vs.  ATF4).  Data  represent  mean  ±  SD.  Experiments  were  repeated  at  least  3  times  and  qualitatively  identical  results  were  obtained.  Arrows 
indicate  BrdU-positive  (proliferating)  cells  and  A  indicates  BrdU-negative  (nonproliferating)  cells.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at 
www.interscience.wiley.com.] 
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Fig.  8.  ATF4  deficiency  increases  apoptosis  in  osteoblasts.  A-C:  Floechst  staining,  wt  and  At f 4  BMSCs  were  seeded  at  a  density  of  5  x  104  cells/cm2  in  35-mm  dishes, 
cultured  in  proliferation  medium  for  4  days,  and  incubated  with  1  p.1  of  Floechst  dye  at  37  C  for  30  min.  Cell  images  were  obtained  under  UV  light  using  a  microscope  (Olympus 
1X70).  D-F:  Apoptosis  assay  in  BMSCs.  wt  and  Atf4~  BMSCs  were  seeded  at  105  cells/well  in  8-well  chamber,  cultured  in  proliferation  medium  for  4  days,  and  stained  using  the 
ApopTag  Peroxidase  In  Situ  Apoptosis  Detection  Kit  according  the  manufacturer's  instruction.  G-l:  Apoptosis  assay  in  calvarial  sections.  Sections  of  calvariae  from  6-week-oid 
male  wt  and  A 1  f4  mice  (6  mice  per  group)  were  stained  using  the  same  kit.  P<  0.05  (wt  vs.  Atf4  ''  ).  Data  represent  mean  ±SD.  Arrows  indicate  apoptotic  cells  and  indicates 
nonapoptotic  cells.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 


and  bone  mineral  density  observed  in  ATF4  knock-out  mice  could 
be  at  least  in  part  caused  by  decreased  proliferation  and  increased 
apoptosis  of  Atf4-j-  osteoprogenitors  and  osteoblasts. 

While  our  results  clearly  show  that  the  proliferation  rate  was 
significantly  decreased  in  Atf4 BMSCs  or  Atf4  siRNA-treated 
MC-4  cells  (Figs.  1C  and  5D),  the  magnitude  of  inhibition  of  cell 
proliferation  by  Atf4  siRNA  in  MC-4  cells  was  markedly  lower 
compared  to  that  in  Atf4 BMSCs.  This  discrepancy  is  likely  due 
to  our  observation  that  the  control  siRNA  treatment  of  MC-4  cells 
non-specifically  reduces  cell  proliferation,  which  could  mask  the 
inhibitory  effect  of  the  Atf4  siRNA  on  cell  proliferation.  In  addition, 
the  Atf4  siRNA  may  not  completely  knock  down  the  Atf4  mRNA  in 
MC-4  cells. 

Previous  studies  established  that  ATF4  is  critical  for  osteoblast 
differentiation  as  demonstrated  by  dramatically  reduced  expression 
of  osteocalcin  and  bone  sialoprotein  mRNA  in  ATF4-deficient  mice 
[Yang  et  ah,  2004].  The  present  study  demonstrates  an  essential  role 
for  ATF4  in  the  regulation  of  BMSC  and  osteoblast  proliferation. 
Atf4 BMSCs  and  osteoblasts  proliferate  at  a  dramatically  reduced 
rate  compared  to  wt  cells  both  in  vitro  and  in  vivo.  Overexpressing 
ATF4  in  Atf4 BMSCs  rescues  the  proliferative  defect.  Expression 
of  cyclin  D1  is  highly  dependent  upon  the  presence  of  ATF4  as 
demonstrated  by  the  dramatic  reduction  in  its  mRNA  and  protein  in 
Atf4 BMSCs.  Reduced  expression  of  cyclin  D 1  and  possibly  other 
cyclins  in  Atf4~l~  cells  leads  to  a  lack  of  progression  from  G1  into 
the  S  and  G2/M  phases  of  the  cell  cycle.  Since  the  percentage  of  the 
population  in  G1  is  not  affected  by  ATF4  deficiency,  there  must  be 
concomitantly  an  increase  in  the  percentage  of  GO  cells  (quiescent 
cells)  and/or  cells  undergoing  cell  death,  thereby  reducing  overall 
cell  proliferation. 


Cyclin  D 1  is  a  key  sensor  and  integrator  of  extracellular  signals 
of  cells  and  plays  a  critical  role  in  cell  cycle  progression  and 
proliferation  [Stacey,  2003].  The  expression  level  of  cyclin  D1  has 
been  shown  to  be  rate-limiting  in  cell  proliferation  induced  by  a 
variety  of  stimuli  [Zhao  et  ah,  2001].  Our  results  show  that  ATF4  is  a 
key  regulator  of  cyclin  D1  expression  in  BMSCs  or  osteoblasts, 
hevels  of  cyclin  D 1  mRNA  and  protein  are  significantly  reduced  in 
the  absence  of  ATF4.  Forced  expression  of  ATF4  efficiently 
augmented  the  level  of  cyclin  D1  mRNA  as  well  as  cell  proliferation 
in  both  wt  and  Atf4 cells.  Mechanisms  whereby  ATF4  increases 
cyclin  D1  mRNA  remain  to  be  determined.  An  ATF/CRE  site  located 
in  the  proximal  region  of  cyclin  D1  promoter  was  reported  to  bind  to 
CREB  and  AP 1  proteins  and  mediate  active  transcription  of  the  gene 
[Sabbah  et  ah,  1999;  Nagata  et  ah,  2001;  Datta  et  ah,  2007].  It  is 
likely  that  ATF4  directly  binds  to  this  ATF/CRE  site  and  activates 
transcription.  It  is  also  probable  that  ATF4  activates  the  cyclin  D1 
promoter  through  interactions  with  CREB  and  API  proteins.  Finally, 
ATF4  can  stabilize  cyclin  D1  mRNA  through  post-transcriptional 
mechanisms.  Future  study  will  differentiate  these  possibilities. 

The  periosteal  surface  of  calvariae  is  mainly  occupied  by  four 
cell  types:  osteoblasts  or  osteoprogenitors,  bone  lining  cells,  and 
osteoclasts.  In  rapidly  growing  animals,  osteoblasts  or  osteopro¬ 
genitors  are  the  major  cells  that  cover  the  surface.  In  contrast,  bone 
lining  cells  occupy  the  majority  of  the  surface  in  adult  or  aged  bones 
that  have  reached  peak  bone  mass.  Calvaria,  which  does  not  involve 
endochondral  bone  formation,  has  a  relatively  simple  structure 
relative  to  other  bones  such  as  long  bones  and  vertebrae.  In  addition, 
it  is  easy  to  histologically  localize  the  osteoprogenitors/osteoblasts 
on  the  periosteal  surface  of  calvaria.  Therefore,  it  provides  a  unique 
model  system  for  studying  the  functions  of  osteoblasts  in  vivo. 
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Using  this  model  system,  we  found  that  osteoblasts  from  wt  6-week- 
old  mice  proliferate  very  actively  on  the  periosteal  surface  (Fig.  2A). 
Conversely,  proliferation  of  Atf4 osteoblasts  is  significantly 
reduced  (Fig.  2B,C).  Thus,  an  in  vivo  role  for  ATF4  in  osteoblast 
proliferation  is  established.  In  support  of  our  findings,  Masuoka  and 
Townes  [2002]  showed  that  Atf4 mice  have  severe  fetal  anemia 
due  to  impaired  fetal-liver  definitive  hematopoiesis  associated  with 
a  proliferative  defect  in  fetal-liver  cells.  Furthermore,  primary 
murine  embryonic  fibroblasts  (MEFs)  from  Atf4 mice  also 
display  a  defect  in  proliferation  [Masuoka  and  Townes,  2002]. 
Lastly,  transgenic  overexpression  of  ATF4  in  the  developing  lens 
results  in  hyperproliferation  of  lens  fiber  cells  [Flettmann  et  al., 
2000].  These  results  suggest  that  ATF4  is  critical  for  proliferation  of 
rapidly  growing  cells  (i.e.,  BMSCs,  osteoblasts,  fetal-liver  cells, 
MEFs,  and  lens  fiber  cells).  Consistent  with  this  notion,  ATF4  is 
usually  expressed  at  high  level  in  rapidly  growing  tissues  or  cells 
[Tanaka  et  al.,  1998;  Flettmann  et  al.,  2000;  Masuoka  and  Townes, 
2002;  Yang  et  al.,  2004], 

The  numbers  of  osteoblasts  are  eventually  determined  by  the 
relative  rate  of  cell  proliferation  and  death  by  apoptosis. 
Experiments  from  this  study  establish  that  ATF4  is  anti-apoptotic 
in  BMSCs  and  osteoblasts.  Nevertheless,  ATF4  is  not  a  global  anti- 
apoptotic  factor  since  no  increase  in  apoptosis  has  been  observed  in 
Atf4 fetal  liver  cells  although  the  ability  of  these  cells  to 
proliferate  is  impaired.  ATF4  may  elicit  its  anti-apoptotic  function  in 
combination  with  other  factors  in  specific  tissue  and  cells  types. 
Thus,  ATF4  deficiency  increases  apoptosis  in  lens  fiber  cells  in  a 
p53-dependent  manner.  The  embryonic  lens  in  double  homozygous 
p53lAtf4~l~  mice  does  not  undergo  apoptosis  [Tanaka  et  al.,  1998; 
Flettmann  et  al.,  2000].  Interestingly,  ATF4  expression  is  usually 
induced  by  oxygen  deprivation,  endoplasmic  reticulum  stress,  and 
the  oxidative  stressor  arsenite,  all  of  which  are  known  to  induce  cell 
apoptosis  [Ameri  et  al.,  2004;  Blais  et  al.,  2004;  Roybal  et  al.,  2005]. 
Therefore,  it  is  reasonable  to  speculate  that  expression  of  ATF4 
induced  by  apoptosis-inducing  factors  in  fact  provides  a  protection 
mechanism  for  cells  to  antagonize  apoptosis.  The  molecular 
mechanism  whereby  ATF4  regulates  apoptosis  in  osteoblasts 
remains  to  be  determined  in  future  study. 

In  summary,  this  study  for  the  first  time  establishes  that  ATF4  is 
essential  for  cell  proliferation  and  anti-apoptosis  in  BMSCs  and 
osteoblasts. 
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The  Runx2  transcription  factor  is  required  for  commitment  of 
mesenchymal  cells  to  bone  lineages  and  is  a  major  regulator  of 
osteoblast-specific  gene  expression.  Runx2  is  subject  to  a  num¬ 
ber  of  post-transcriptional  controls  including  selective  proteol¬ 
ysis  and  phosphorylation.  We  previously  reported  that  Runx2 
is  phosphorylated  and  activated  by  the  ERK/MAPK  pathway 
(Xiao,  G.,  Jiang,  D.,  Thomas,  P.,  Benson,  M.  D.,  Guan,  K., 
Karsenty,  G.,  and  Franceschi,  R.  T.  (2000)  /.  Biol.  Chem.  275, 
4453-  4459).  In  this  study,  we  used  a  combination  of  in  vitro  and 
in  vivo  phosphorylation  analysis,  mass  spectroscopy,  and  func¬ 
tional  assays  to  identify  two  sites  at  Ser301  and  Ser319  within  the 
proline/serine/threonine  domain  of  Runx2  that  are  required  for 
this  regulation.  These  sites  are  phosphorylated  by  activated 
ERK1  in  vitro  and  in  cell  culture.  In  addition  to  confirming  ERK- 
dependent  phosphorylation  at  Ser319,  mass  spectroscopy  iden¬ 
tified  two  other  ERK-phosphorylated  sites  at  Ser43  and  Ser510. 
Furthermore,  introduction  of  S301A,S319A  mutations  ren¬ 
dered  Runx2  resistant  to  MAPK-dependent  activation  and 
reduced  its  ability  to  stimulate  osteoblast-specific  gene  expres¬ 
sion  and  differentiation  after  transfection  into  Runx2-null  cal¬ 
varial  cells  and  mesenchymal  cells.  In  contrast,  S301E,S319E 
Runx2  mutants  had  enhanced  transcriptional  activity  that  was 
minimally  dependent  on  MAPK  signaling,  consistent  with  the 
addition  of  a  negative  charge  mimicking  serine  phosphoryla¬ 
tion.  These  results  emphasize  the  important  role  played  by 
Runx2  phosphorylation  in  the  control  of  osteoblast  gene  expres¬ 
sion  and  provide  a  mechanism  to  explain  how  physiological  sig¬ 
nals  acting  on  bone  through  the  ERK/MAPK  pathway  can  stim¬ 
ulate  osteoblast-specific  gene  expression. 


The  bone  cell  lineage  is  controlled  by  a  hierarchy  of  tran¬ 
scription  factors  that  are  expressed  in  a  defined  temporal 
sequence.  Runx2,  an  essential  factor  for  both  hypertrophic  car¬ 
tilage  and  bone  formation,  is  expressed  very  early  in  skeletal 
development,  first  appearing  coincident  with  the  formation  of 
mesenchymal  condensations  (1).  Subsequent  development  of 
the  osteoblast  lineage  requires  at  least  two  additional  factors; 
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Osterix,  which  is  essential  for  subsequent  progression  of  the 
osteoblast  lineage,  and  ATF4,  which  regulates  osteoblast  activ¬ 
ity,  particularly  in  postnatal  animals  (2,  3).  Runx2  expression 
continues  during  the  later  stages  of  bone  development  and 
persists  in  regions  of  active  bone  remodeling  throughout  life. 
Skeletal  development  in  Runx2 -deficient  mice  fails  to  progress 
beyond  the  cartilage  anlage  stage,  whereas  dominant-negative 
suppression  of  Runx2  even  in  postnatal  animals  inhibits  osteo¬ 
blast  activity  and  bone  formation  (4).  Thus,  Runx2  is  required 
for  both  the  initial  formation  of  osteoblasts  and  hypertrophic 
chondrocytes  during  development  and  for  sustained  osteoblast 
differentiation  during  bone  remodeling. 

Consistent  with  its  multiple  roles  in  bone  formation,  Runx2 
is  highly  regulated.  In  addition  to  transcriptional  control  by 
factors  such  as  bone  morphogenetic  proteins  (5),  Runx2  activity 
is  controlled  both  by  its  interaction  with  a  number  of  accessory 
nuclear  factors  and  by  post-translational  modifications,  includ¬ 
ing  phosphorylation.  We  have  been  particularly  interested  in 
this  latter  regulation  and  proposed  that  Runx2  is  phosphoryla¬ 
ted  and  activated  by  a  ERI<3/MAPI<-dependent  pathway  initi¬ 
ated  by  the  interaction  of  osteoprogenitors  with  a  type  I  colla¬ 
gen-containing  extracellular  matrix  (ECM)  via  a'2(il  integrins 
(6,  7).  This  collagen-integrin  interaction  is  necessary  for  subse¬ 
quent  osteoblast-specific  gene  expression  and  differentiation 
(7-9).  Consistent  with  this  model,  steady-state  Runx2  phos¬ 
phorylation  and  DNA  binding  activity  increase  with  osteoblast 
differentiation,  whereas  pharmacological  inhibition  of  the 
ERK/MAPK  pathway  rapidly  inhibits  ECM  and  BMP-induced 
gene  expression  (10-12).  In  related  studies,  FGF2  treatment  of 
osteoblasts,  which  is  known  to  stimulate  both  ERK/MAPK  and 
protein  kinase  C  pathways,  increases  Runx2  phosphorylation 
and  Ocn  expression  in  a  MAPK-dependent  manner  (13).  Fur¬ 
thermore,  manipulation  of  the  MAPK  pathway  by  overexpres¬ 
sion  of  constitutively  active  or  dominant-negative  mutants  of 
MEK1,  respectively,  increases  or  decreases  osteocalcin  gene 
expression  and  Runx2  phosphorylation  (6).  ERK/MAPK  signal¬ 
ing  is  also  important  for  in  vivo  bone  development.  Transgenic 
overexpression  of  constitutively  active  or  dominant-negative 
MEK1  in  mouse  osteoblasts,  respectively,  stimulates  or  inhibits 
Runx2  phosphorylation  and  skeletal  maturation.  Furthermore, 


3  The  abbreviations  used  are:  ERK,  extracellular  signal-regulated  kinase; 
MAPK,  mitogen-activated  protein  kinase;  ECM,  extracellular  matrix;  MEK, 
mitogen-activated  protein  kinase/extracellular  signal-regulated  kinase 
kinase;  OSE2,  osteoblast-specific  element  2;  Mek(sp),  constitutively  active 
MEK1  mutant;  FGF,  fibroblast  growth  factor;  HA,  hemagglutinin;  aa,  amino 
acid;  FBS,  fetal  bovine  serum;  MS,  mass  spectrometry. 
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MAPK  Regulation  ofRunx2  Phosphorylation 

the  cleidocranial  dysplasia  phenotype  of  Runx2  heterozygous 
null  mice  can  be  partially  rescued  by  crossing  these  animals 
with  mice  expressing  constitutively  active  MEK1,  consistent 
with  the  in  vivo  actions  of  the  ERK/MAPK  pathway  being  at 
least  in  part  mediated  by  Runx2  (14). 

In  addition  to  the  work  from  our  laboratory  cited  above 
(6-14),  a  number  of  studies  from  other  groups  support  the 
concept  that  ECM-integrin  binding,  MAPK  activation,  and 
Runx2  phosphorylation  are  important  for  osteoblast  differenti¬ 
ation.  The  requirement  for  al/31  and  a2/31  collagen-binding 
integrins  in  osteoblast  differentiation  and  BMP  responsiveness 
was  demonstrated  by  both  in  vitro  and  in  vivo  analysis  (15-18). 
Also,  ERK/MAPK  signaling  was  shown  to  be  necessary  for  dif¬ 
ferentiation  of  human  osteoblasts  and  marrow  stromal  cells 
(19,  20).  A  number  of  groups  also  confirmed  that  Runx2  can  be 
phosphorylated  and  activated  by  MAPK  inducers.  During  the 
osteoblastic  differentiation  of  human  marrow  stromal  cells, 
Runx2  levels  remain  relatively  unchanged,  but  DNA  binding 
increases  as  does  Runx2  phosphorylation  (21).  Also,  mechani¬ 
cal  loading  of  osteoblasts,  mediated  in  part  through  a2j31  inte¬ 
grins,  induces  MAPK  activity  (22, 23).  Similarly,  loading  of  peri¬ 
odontal  ligament  cells  (osteoprogenitor-like  cells)  increases 
Runx2  phosphorylation  and  binding  to  OSE2  DNA  via  an  ERI</ 
MAPK-dependent  process  (24).  In  osteomimetic  prostate  can¬ 
cer  cells,  differentiation  is  accompanied  by  ERK1/2  activation, 
increased  Runx2-DNA  binding,  and  Ocn  expression,  responses 
that  were  all  blocked  by  MAPK  inhibition  (25).  Last,  insulin-like 
growth  factor-1,  which  activates  phosphatidylinositol  3-kinase 
and,  subsequently,  ERK/MAPK  pathways,  stimulates  Runx2- 
OSE2  binding  and  phosphorylation  in  vascular  endothelial  cells 
(26)  as  well  as  differentiation  of  marrow  stromal  cells  (27,  28). 
Thus,  ERK/MAPK-dependent  phosphorylation  of  Runx2  likely 
plays  an  important  role  in  the  response  of  osteoblasts  to  a  vari¬ 
ety  of  signals  initiated  by  cell-ECM  binding,  hormone/growth 
factor  signaling,  and  mechanical  loading. 

To  further  understand  how  the  ERK/MAPK  pathway  regu¬ 
lates  Runx2  transcriptional  activity,  in  the  present  study  we 
identify  amino  acid  residues  in  Runx2  that  are  phosphorylated 
in  a  ERK/MAPK-dependent  manner  and  show  that  these 
sites  are  necessary  for  osteoblast-specific  gene  expression 
and  differentiation. 

EXPERIMENTAL  PROCEDURES 

Reagents — The  reagents  used  in  this  study  were  obtained 
from  the  following  sources:  tissue  culture  medium  and  fetal 
bovine  serum  from  Invitrogen;  U0126  from  Calbiochem; 
mouse  anti-Runx2  antibody  from  MBL;  phosphoserine  anti¬ 
body  from  ABCam;  and  M2  and  M2  horseradish  peroxidase- 
conjugated  antibody  from  Sigma. 

DNA  Constructs  and  Viral  Expression  Vectors — The  0.6-kb 
mouse  osteocalcin  gene  2-Luc  reporter  plasmid  and  a  constitu¬ 
tively  active  MEK1  expression  vector  were  previously  described 
(29-31).  A  series  of  Runx2  expression  plasmids  encoding 
HA-  or  FLAG-tagged  full-length  type  II  Runx2  (N-terminal 
sequence:  MASN)  or  several  N-  and  C-terminal  deletions  were 
generated  by  PCR  and  subcloning  into  the  pCMV5  expression 
vector.  Serine  mutants  of  full-length  and  aa  1-330  Runx2  were 
generated  using  the  QuikChange  site-directed  mutagenesis  kit 
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(Stratagene).  A  cDNA  encoding  Runx2  with  a  biotinylation  tag 
was  generated  by  adding  the  sequence,  MASSLRQILDSQK- 
MEWRSNAGGS,  to  the  N  terminus  of  mouse  Runx2.  This 
sequence  is  specifically  recognized  by  bacterial  BirA  biotin 
ligase  (32).  Plasmids  containing  cDNAs  encoding  the  biotiny¬ 
lation  tag  and  BirA  were  a  generous  gift  from  Dr.  John 
Strouboulis  (Alexander  Fleming  Biomedical  Sciences  Research 
Center,  Athens,  Greece).  Adenoviruses  encoding  wild  type 
and  mutant  Runx2,  and  biotinylation  tagged  Runx2,  BirA, 
and  Mek(sp)  (constitutively  active  MEK1)  were  constructed 
by  first  subcloning  the  respective  cDNA  into  pAdloxp  and 
then  generating  viruses  using  Cre-Lox  recombination  as  pre¬ 
viously  described  (33). 

Cell  Culture — C3H10T1/2,  COS7,  and  HEK293  cells  were 
obtained  from  the  American  Type  Culture  Collection  and 
maintained  in  Dulbecco’s  modified  Eagle’s  medium  containing 
10%  FBS  and  1%  antibiotics.  An  mTERT-immortalized  calvarial 
cell  line  from  Runx2_/_  mice  (34)  was  a  generous  gift  from  Drs. 
Jane  Lian  and  Gary  Stein  (University  of  Massachusetts  Medical 
Center,  Worcester,  MA)  and  maintained  in  minimal  essential 
medium-a,  10%  FBS.  MC3T3-E1  clone  4  (MC-4)  cells,  previ¬ 
ously  developed  in  this  laboratory  (35),  were  also  maintained  in 
minimal  essential  medium-a,  10%  FBS.  To  induce  differentia¬ 
tion,  C3H10T1/2,  mTERT  cells,  and  MC-4  cells  were  grown  in 
minimal  essential  medium-a,  10%  FBS  containing  50  /xg/ml 
ascorbic  acid  as  previously  described  (12,  34,  36). 

Transfections — COS7  cells  were  plated  at  a  density  of  5  X  104 
cells/cm2  on  35-mm  dishes  and  transfected  using  Lipo- 
fectamine  (Invitrogen).  Each  transfection  contained  0.5  /xg  of 
the  indicated  plasmid  and  0.05  /xg  of  pRL-SV40  containing  a 
cDNA  for  Renilla  reniformis  luciferase  to  control  transfection 
efficiency.  Cells  were  harvested  and  assayed  using  a  dual  lucif¬ 
erase  assay  kit  (Promega)  with  a  Monolight  2010  luminometer 
(Pharmingen).  For  mTERT  cells,  transfection  was  accom¬ 
plished  using  FuGENE  6  reagent  (Roche).  For  studies  where 
effects  of  more  sustained  Runx2  expression  were  analyzed, 
C3H10T1/2  cells  were  transduced  with  adenovirus  expression 
vectors  as  previously  described  (36). 

Western  Blot  Analysis — Whole  cell  extracts  were  prepared  by 
dissolving  cell  layers  in  SDS  sample  buffer.  Samples  were  frac¬ 
tionated  by  SDS-P  AGE  on  4  -12%  precast  minigels  (Invitrogen) 
and  electrophoretically  transferred  to  nitrocellulose  mem¬ 
branes  (Schleicher  &  Schuell).  Primary  antibodies  were  used  at 
the  following  dilutions  (Runx2,  1:500;  M2,  1:2000;  phospho¬ 
serine,  1:500).  Secondary  antibody  was  used  at  a  dilution  of 
1:10,000.  Immunoreactivity  was  detected  using  ECL  chemilu¬ 
minescence  reagents  (Amersham  Biosciences). 

RNA  Analysis — RNA  was  isolated  using  TRIzol  reagent 
(Invitrogen)  and  further  purified  by  DNase  I  treatment  and  an 
RNeasy  kit  (Qiagen).  Reverse  transcriptase  reactions  were  con¬ 
ducted  with  2  /xg  of  total  RNA,  TaqMan  reverse  transcriptase 
reagents,  and  an  oligo(dT)  primer  (Applied  Biosystems)).  PCR 
was  performed  using  an  ABI  Prism  7700  sequence  detection 
system.  Glyceradehyde-3-phosphate  dehydrogenase  mRNA 
was  used  as  an  endogenous  control. 

Metabolic  Labeling  and  Immunoprecipitation  of  Runx2 — 
COS7  cells  were  transfected  with  Runx2  expression  plasmids, 
cultured  for  30  h,  and  preincubated  in  phosphate-free  Dulbec- 

VOLUME  284- NUMBER  47- NOVEMBER  20,  2009 


Downloaded  from  www.jbc.org  at  University  of  Pittsburgh,  on  April  14,  2010 


Supplemental  Material  can  be  found  at: 

http://www.jbc.org/content/suppl/2009/09/30/M109.040980.DC1.html 


co's  modified  Eagle's  medium,  0.1%  FBS  for  12  h.  Labeling  was 
conducted  for  4  h  in  phosphate-free  Dulbecco’s  modified 
Eagle’s  medium  containing  200  ju,Ci/ml  [32P] orthophosphate 
(phosphorus-32  or  [35S] methionine/cysteine  Tran3SS-label, 
Amersham  Biosciences).  Nuclear  extracts  were  prepared  as 
previously  described  (12)  and  precleared  twice  with  50  pi  of 
protein  A/G-agarose  beads.  Appropriate  antibodies  were 
added  and  incubated  for  2  h  at  4  °C  with  gentle  rocking. 
Immune  complexes  were  then  collected  by  the  addition  30  pi 
of  protein  A/G-agarose  beads  and  incubation  for  1  h  at  4  °C 
followed  by  centrifugation.  Precipitates  were  washed  five 
times  with  1 X  washing  buffer  (20  mM  HEPES,  pH  7.6,  50  mM 
KC1,  1  mM  dithiothreitol,  0.25%  Nonidet  P-40,  5  mM  sodium 
fluoride,  1  mM  EGTA,  5  mM  MgCl2).  The  immunoprecipi- 
tated  complexes  were  suspended  in  SDS  sample  buffer  and 
analyzed  by  SDS-PAGE  and  autoradiography  or  Western 
blot  analysis  using  the  indicated  antibodies.  32P  incorpora¬ 
tion  was  measured  using  a  Packard  A2024  Instantlmager. 

In  Vitro  Phosphorylation — Synthetic  peptides  were  prepared 
by  the  University  of  Michigan  Protein  Structure  Facility.  Each 
peptide  (1  p,g)  was  incubated  with  10  pCi  of  [y-32P]  ATP  and  1 
unit  of  activated  MAPK  (Calbiochem)  in  a  buffer  containing  25 
mM  Tris-HCl,  pH  7.4, 10  mM  MgCl2, 1  mM  dithiothreitol,  40  p,M 
ATP,  and  0.5  mM  EGTA  in  a  final  volume  of  25  pi.  Samples  were 
incubated  at  25  °C  for  30  min.  Reactions  were  terminated  by 
addition  of  25  pi  of  2  X  SDS  sample  buffer  and  samples  were 
analyzed  by  electrophoresis  on  15%  SDS  gels.  For  in  vitro  Runx2 
phosphorylation,  biotinylated  Runx2  was  purified  on  streptavi- 
din  beads  as  described  below  and  directly  phosphorylated  by 
incubation  of  beads  under  the  same  conditions  used  for  peptide 
phosphorylation,  except  that  [y-32P]ATP  was  omitted. 

Runx2  Purification  and  Identification  of  Phosphorylation 
Sites  by  Mass  Spectroscopy — An  adenovirus  expression  system 
for  biotinylation  tagging  of  Runx2  was  developed  (32).  COS7 
cells  were  transduced  with  adenovirus  encoding  Runx2  cDNA 
with  an  N-terminal  biotinylation  sequence  and  AdBirA  (adeno¬ 
virus  expressing  bacterial  biotin  protein  ligase)  with  or  without 
AdMek(sp).  After  48  h,  cell  lysates  were  adsorbed  to  streptavi- 
din  magnetic  beads  and  purified  Runx2  was  resolved  by  SDS- 
PAGE  using  a  4-12%  gradient  gel.  The  Runx2  gel  band  was 
alkylated  with  iodoacetamide  and  peptide  fragments  were  gen¬ 
erated  by  in-gel  digestion  with  pepsin.  Samples  were  analyzed 
by  LC/MS/MS  using  a  ThermoFisher  LTQ  Orbitrap  XL  (Next- 
GenSciences,  Ann  Arbor,  MI).  The  Orbitrap  MS  scan  was  per¬ 
formed  at  60,000  full-width  at  half-maximum  resolution  and 
searched  using  a  local  copy  of  Mascot.  Phosphorylated  peptides 
containing  P-serine  were  then  identified.  In  certain  cases,  prod¬ 
uct  ion  data  were  used  to  confirm  identification  of  the  phos¬ 
phorylation  site. 

Statistical  Analysis — All  statistical  analyses  were  performed 
using  SPSS  16.0  Software.  Unless  indicated  otherwise,  each 
reported  value  is  the  mean  ±  S.D.  of  triplicate  independent 
samples.  Statistical  significance  was  assessed  using  a  one-way 
analysis  of  variance. 

RESULTS 

ERK/MAPK-dependent  Phosphorylation  and  Activation  of 
Runx2  Require  a  Specific  Region  of  the  C-terminal  Pro/Ser/Thr 
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FIGURE  1 .  Identification  of  a  region  in  Runx2  necessary  for  ERK/MAPK-de- 
pendent  transcriptional  activation  and  phosphorylation.  A,  schematic  of 
the  domain  structure  of  Runx2  with  relevant  serine  residues  indicated.  AD  1-3, 
transcriptional  activation  domains;  QA,  glutamine/alanine-rich  domain; 
RUNT,  runt/DNA-binding  domain;  NLS,  nuclear  localization  sequence;  P/S/T 
domain,  proline/serine/threonine-rich  domain;  RD,  repressor  domain  (from 
Ref.  30).  B,  MAPK-dependent  transcriptional  activity.  COS7  cells  were  trans¬ 
fected  with  wild  type  (1/1/7)  Runx2  or  the  indicated  C-terminal  deletions  in  the 
presence  of  control  (LacZ)  or  Mek(sp)  expression  vectors  and  a  60SE2-luc 
reporter  as  described  under  "Experimental  Procedures."  Firefly  luciferase 
activity  was  normalized  for  transfection  efficiency  using  a  R.  reinformis  lucif¬ 
erase  plasmid.  Asterisk,  significantly  different  from  corresponding  control, 
p  <  0.01;  brackets  indicate  comparisons  made;  error  bars,  ±S.D.  C  and  D, 
Runx2  phosphorylation.  COS7  cell  cultures  treated  as  in  6  were  metabolically 
labeled  with  [32P]orthophosphate  or  Tran35S-label  as  described  under 
"Experimental  Procedures."  Runx2  was  immunoprecipitated  (Q  and  32P 
incorporation  was  normalized  to  total  35S-labeled  protein  in  each  group  and 
expressed  as  fold-increase  with  Mek(sp)  stimulation  (D). 

Domain — Fig.  L4  shows  a  schematic  of  the  domain  structure  of 
Runx2  with  positions  of  potential  phosphorylation  sites  to  be 
discussed  in  this  study.  Activation  of  the  ERK/MAPK  pathway 
by  overexpression  of  a  constitutively  active  form  of  MEK1  or  by 
treatment  with  FGF2  was  previously  shown  to  stimulate  Ocn 
mRNA  expression  and  promoter  activity  via  a  mechanism 
requiring  Runx2  (6,  13).  An  initial  deletion  analysis  of  the 
Runx2  coding  sequence  showed  that  removal  of  the  entire 
C-terminal  proline/serine/threonine-rich  (Pro/Ser/Thr)  do¬ 
main  (contains  AD3  and  RD  regions  encompassing  amino  acid 
residues  258-528  in  the  mouse  sequence)  rendered  Runx2 
completely  resistant  to  MAPK  regulation  and  phosphorylation. 
In  contrast,  deletion  of  the  N-terminal  ADI,  AD2,  and  QA-rich 
regions  (amino  acids  1-108)  lowered  basal  transcriptional 
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activity  without  affecting  MAPK-dependent  activation  (6). 
Similarly,  deletion  of  the  Pro/Ser/Thr  domain 
Runx2  unresponsive  to  activation  by  FGF2  (13). 

T o  more  precisely  define  regions 
of  Runx2  necessary  for  MAPK  ^ 
responsiveness,  we  carried  out  a 
more  detailed  deletion  analysis  of 
the  Pro/Ser/Thr  domain  (Fig.  1, 

B-D).  Wild  type  Runx2  or  several 
C-terminal  deletions  (to  residues 
410,  330,  and  286)  were  transfected 
into  COS7  cells  in  the  presence  or 
absence  of  constitutively  active 
MEK1  (Mek(sp))  and  a  p60SE2-luc 
Runx2  reporter  gene.  Samples  were 
either  assayed  for  luciferase  activity 
( panel  B )  or  were  metabolically 
labeled  with  [32P]  orthophosphate 
and  assayed  for  Runx2  phosphory¬ 
lation  by  immunoprecipitation  and 
autoradiography  (panels  C  and  D). 

C-terminal  Runx2  deletions  gradu¬ 
ally  reduced  MAPK  activation  of 
Runx2  transcriptional  activity  from 
~9-fold  with  wild  type  Runx2  to 
~  3-fold  with  the  amino  acid  330 
deletion.  Mek(sp)  stimulation  was 
completely  lost  with  deletion  to  res¬ 
idue  286.  Similarly,  Mek(sp)  stimu¬ 
lated  total  32P  incorporation  into 
wild  type  Runx2  by  ~2-fold  (panel 
C).  This  stimulation  gradually 
decreased  in  the  410  and  330  dele¬ 
tions  and  was  completely  lost  after 
deletion  to  residue  286.  These 
results  indicate  that  the  minimal 
region  for  MAPK  phosphorylation 
and  activation  of  Runx2  is  between 
amino  acids  286  and  330.  Subse¬ 
quent  analysis  was  restricted  to  this 
region  although  it  is  possible  that 
more  C-terminal  sites  may  also  par¬ 
ticipate  in  this  regulation. 

Identification  ofRunx2  Phosphor¬ 
ylation  Sites — Inspection  of  the 
Runx2  peptide  sequence  in  the 
286-330  region  (Fig.  2 A)  identified 
two  putative  proline-directed  serine 
phosphorylation  sites  at  residues 
301  and  319  and  an  adjacent  site  at 
residue  282.  A  similar  proline-di¬ 
rected  threonine  site  was  also  seen 
(Thr326).  Incubation  of  peptides 
spanning  the  264  to  337  region  with 
active  ERK1  and  [y-32P]ATP 
revealed  that  Ser282,  Ser301,  and 
Ser319  were  all  phosphorylated  in 
vitro,  whereas  Ser/ Ala  substitution 


at  each  site  prevented  phosphorylation.  In  contrast,  Thr326  was 
also  rendered  not  phosphorylated  under  these  conditions  (i.e.  Introduction 
of  an  S319A  mutation  in  the  316-337  peptide  blocked  phos- 


264  282(A) 

PHPSNRVGVPPQNPRPSLNSAPSPFNPQGQSQITDPRQAQS 


301(A)  319(A)  326  337  515  528 

SPPWSYDQSYPSYLSQMTSPSIHST7PLSSTRGPTVL  NSSGRMDESVWRPY 


c?  <?  <?  <?  <?  *? 


LSQ— |-M(ox)— |-T— |-pS— |-PSI— |-H— |-ST— J-T-j-PL— |-S— ^-S 


STRGTGL 


Measured 

Residues 

Peptide  sequence  filtered 

Correlation 

Serine 

Mass -groups 

from-to 

by  phosphate  event 

rate 

In  vivo 

23-42 

TSRRFSPPSSSLQPGKMSDV 

95% 

S28 

Phophorylation 

3248 

SSLQPGKMSDVSPWAA 

74% 

S43 

276-292 

LNSAPSPFNPQGQSOI 

95% 

S282 

313-337 

YLSQMTSPSIHSTTPLSSTRGTGLP 

95% 

S319 

389-514 

LLNPNLPNQNDGVDADGSHSSSPTVL 

95% 

S510 

U0126 

2343 

SRRFSPPSSSLQPGKMSDW 

88% 

S28 

Treatment 

In  vitro 

2343 

TSRRFSPPSSSLQPGKMSDVS 

94% 

S24,  S28 

Phosphorylation 

2248 

SRRFSPPSSSLQPGKMSDVSPWAA 

73% 

S43 

313-337 

YLSQMTSPSIHSTTPLSSTRGTGLP 

94% 

S319,S321 

337-356 

LAITDVRPPISDDDT  ATSDF 

77% 

S347 

389-514 

LLNPNLPNQNDGVDADGSHSSSPTVL 

85% 

S510 
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phorylation).  Peptides  containing  residues  264-280  and  515- 
528  were  also  not  phosphorylated. 

More  extensive  analysis  of  Runx2  phosphorylation  was  con¬ 
ducted  using  mass  spectroscopy.  COS7  cells  were  transduced 
with  adenovirus  vectors  expressing  a  biotinylation  tagged 
Runx2,  BirA  (bacterial  biotin  protein  ligase),  and  Mek(sp). 
Runx2  was  then  purified  from  cell  lysates  using  streptavidin 
magnetic  beads  and  LC/MS/MS  analysis  was  carried  out  on 
pepsin-digested  samples.  As  shown  in  Fig.  2 B,  five  peptides 
were  identified  containing  phosphoserine  at  residues  28,  43, 
282,  319,  and  510.  The  probability  of  a  correct  identification  for 
each  peptide  was  95%  with  the  exception  of  the  peptide  con¬ 
taining  Ser43,  which  had  a  correlation  of  74%.  In  contrast,  only 
phosphoserine  28  was  identified  in  Runx2  purified  from  cells 
pretreated  with  the  MAPI<  inhibitor,  U0126.  This  indicates  that 
other  sites  at  Ser43,  Ser282,  Ser319,  and  Ser510  are  directly  or 
indirectly  dependent  on  ERK/MAPK  activity  for  phosphoryla¬ 
tion.  To  identify  direct  MAPI<  targets,  nondenatured  Runx2 
purified  from  U0126-treated  cells  was  phosphorylated  directly 
on  streptavidin  beads  with  activated  P-ERK  in  vitro  and  MS  was 
repeated.  In  this  case,  phosphate  was  detected  on  Ser24,  Ser43, 
Ser319,  Ser347,  and  Ser510.  From  this  analysis,  we  conclude  that 
the  in  vivo  phosphorylation  sites  identified  by  MS,  Ser43,  Ser319, 
and  Ser510  are  probably  direct  ERI<  substrates,  whereas  Ser282  is 
likely  phosphorylated  by  a  second  kinase  activated  by  ERIC. 
Because  we  also  obtained  functional  evidence  for  the  impor¬ 
tance  of  Ser319  in  Runx2  regulation  (below),  more  extensive 
confirmation  that  this  site  is  phosphorylated  was  obtained  by 
analyzing  product  ion  data  for  the  LSQMTpSPSIHST- 
TPLSSTRGTGL  peptide  (residues  313-337).  Both  [M  +  2H]2+ 
and  [M  +  3H]3+  charge  states  were  analyzed  ([M  +  3H]3+  is 
shown  in  the  left  panel  of  Fig.  2C).  Analysis  of  product  ion  data 
(Fig.  2C,  right)  confirmed  that  this  peptide  was  phosphorylated 
at  Ser6  (Ser319)  within  a  mass  accuracy  of  2  ppm. 

Surprisingly,  although  MS  analysis  consistently  identified 
peptides  containing  56-69%  of  the  entire  Runx2  sequence  (62- 
76%  if  the  N-terminal  Gin/Ala  region  is  excluded),  peptides 
were  never  identified  spanning  the  Ser301  region.  Identified 
peptides  contained  11  of  the  12  proline-directed  serine/threo- 
nine  sites  in  Runx2,  making  Ser301  the  only  site  not  included  in 
our  analysis.  Similar  results  were  obtained  using  alternative 
protease  digestions  (trypsin/AspN  versus  pepsin).  This  suggests 
that  the  Ser301  region  contains  some  abnormality  in  secondary 
structure,  possibly  due  to  post-translational  modification, 
which  prevents  normal  fragmentation  and  identification. 

To  further  explore  the  possibility  that  the  Ser301  site  is  phos¬ 
phorylated  in  vivo,  we  used  an  indirect  approach  that  takes 
advantage  of  the  observation  that  activation  of  MAPI<  signaling 
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stimulates  a  shift  in  the  electrophoretic  mobility  of  a  truncated 
Runx2-(l-330)  (Fig.  3 A).  For  this  experiment,  wild  type  trun¬ 
cated  Runx2-(l-330)  or  Runx2  containing  an  S301 A  mutation, 
an  S319A  mutation,  or  combined  S301  A,S319A  mutations  was 
transfected  into  COS7  cells  with  or  without  constitutively 
active  Mek(sp)  and  ERK1  expression  vectors  and  analyzed  by 
SDS-PAGE.  Activation  of  MAPK  signaling  clearly  reduced  the 
electrophoretic  mobility  of  wild  type  Runx2-(l-330)  and  this 
mobility  change  was  eliminated  by  treatment  of  samples  with 
alkaline  phosphatase.  In  contrast,  no  detectable  MAPK-de- 
pendent  change  in  mobility  was  seen  with  S301  A,  S319A  muta¬ 
tions  or  the  S301A,S319A  double  mutation.  This  is  the  result 
that  would  be  expected  if  a  detectable  mobility  shift  requires 
phosphorylation  on  both  Ser301  and  Ser319. 

Although  the  larger  size  of  full-length  Runx2  (528  amino  acid 
residues)  precluded  conducting  mobility  shift  analysis,  we 
obtained  additional  evidence  for  Ser301  and  Ser319  phosphory¬ 
lation  using  immunoprecipitation/immunoblotting  with  Runx2 
and  Ser(P)  antibodies  (Fig.  3 B).  COS7  cells  were  transfected 
with  FLAG-tagged  wild  type,  S301A,  S319A,  or  S301A,S319A 
full-length  Runx2  mutants  in  the  presence  or  absence  of 
Mek(sp)  expression  vector  or  in  the  presence  of  the  MAPK 
inhibitor,  U0126.  Samples  were  then  either  immunoprecipi- 
tated  with  a  specific  anti-Runx2  (M2)  antibody  followed  by 
Western  blotting  with  antiphosphoserine  antibody  or,  alterna¬ 
tively,  immunoprecipitated  with  antiphosphoserine  followed 
by  probing  with  anti-Runx2  antibody.  Cells  transfected  with 
WT  Runx2  displayed  a  strong  Runx2-associated  P-serine  signal 
that  was  further  increased  by  Mek(sp).  S301A  or  S319A  muta¬ 
tions  each  reduced  the  P-serine  signal  to  a  similar  extent, 
whereas  the  combined  S301A,S319A  double  mutant  displayed 
even  weaker  P-serine  immunoreactivity.  MAPK  inhibition 
(+U0126)  greatly  reduced  the  P-serine  signal  in  all  groups  and 
eliminated  differences  between  WT  and  mutant  Runx2  as 
would  be  expected  if  Ser301  and  Ser319  were  both  phosphoryla¬ 
ted  in  a  MAPK-dependent  manner.  However,  the  fact  that  the 
double  mutant  still  displayed  a  Mek(sp)-dependent  increase  in 
P-serine  indicates  that  Runx2  contains  additional  direct  or  indi¬ 
rect  MAPK  phosphorylation  sites,  in  agreement  with  our  MS 
data. 

In  summary,  multiple  phosphorylation  sites  were  identified 
in  Runx2  including  two  sites  in  the  aa  286  -330  region.  Defini¬ 
tive  identification  of  Ser319  as  a  direct  ERIC  substrate  was  estab¬ 
lished  using  a  combination  of  in  vitro  peptide  phosphorylation, 
MS/MS,  and  electrophoresis  mobility  shift  analysis.  Strong  evi¬ 
dence  was  also  obtained  that  Ser301  is  phosphorylated  by  ERI< 
(, in  vitro  peptide  phosphorylation,  electrophoresis  mobility 
shift  analysis,  and  Ser(P)/Runx2  co-precipitation).  However,  it 


FIGURE  2.  Runx2  phosphorylation  sites.  A,  in  vitro  peptide  phosphorylation.  Synthetic  peptides  were  prepared  containing  amino  acid  residues  264-337  of 
the  Runx2  sequence  (indicated  by  arrows)  orthe  indicated  amino  acid  substitutions  (top  panel).  Peptides  were  labeled  with  [y-32P]ATP  using  activated  ERK1  and 
resolved  by  SDS-PAGE  as  described  under  "Experimental  Procedures"  (lower  panel).  B,  MS/MS  analysis  of  ERK/MAPK-related  phosphorylation  sites.  COS7  cells 
were  transduced  with  adenoviruses  encoding  biotinylation-tagged  Runx2,  BirA  biotin  transferase,  and  Mek(sp)  with  (U0126  treatment)  or  without  (in  vivo 
phosphorylation)  MAPK  inhibitor.  Runx2  as  then  purified  as  described  under  "Experimental  Procedures"  and  subjected  to  MS/MS  analysis.  For  in  vitro  phos¬ 
phorylation,  an  aliquot  of  Runx2  purified  from  U0126-treated  cells  was  incubated  with  the  activated  MAPK  before  MS/MS  analysis.  Phosphopeptides  were 
identified  using  Mascot  software.  Correlation  rate  indicates  the  probability  that  the  indicated  peptide  identification  in  the  Runx2  sequence  is  correct. 
C,  verification  of  Ser319  phosphorylation.  The  peptic  peptide  LSQMTSPSIFISTTPLSSTRGRGL  was  selected  to  manually  validate  the  phosphorylation  event. 
Mascot  search  results  indicated  that  acquired  MS/MS  spectra  contain  production  data  for  both  [M  +  2FI]2+  and  [M  +  3FI]3+  charged  states  for  this  peptide.  The 
full  MS  spectra  of  the  [M  +  3FI]3+  charged  state  is  shown  in  the  left  panel.  The  right  panel  shows  the  annotated  MS/MS  spectra  of  m/z=  819.05  (+3).  Diagnostic 
Y17+2  and  Yls+2  ions  are  indicated  with  m/z  values  of  856.8  and  940.2,  respectively,  which  confirms  the  presence  of  a  phosphate  on  Ser319. 
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FIGURE  3.  Additional  evidence  for  Runx2  phosphorylation  at  Ser301.  A,  analysis  of  electrophoretic  mobility 
of  wild  type  (WT)  truncated  Runx2-(1-330)  and  Ser30'  and  Ser319  mutants.  The  indicated  truncated  Runx2 
mutants  were  expressed  in  COS7  cells  in  the  presence  or  absence  of  Mek(sp)  and  ERK1  expression  vectors.  Cell 
lysates  were  analyzed  by  SDS-PAGE  with  or  without  prior  treatment  with  calf  intestinal  alkaline  phosphatase 
(GAP).  Runx2  was  detected  by  Western  blotting.  B,  anti-P-serine  antibody  reactivity  with  full-length  Runx2. 
FLAG-tagged  WT  Runx2  or  the  indicated  mutants  were  expressed  in  COS7  cells  in  the  presence  (+)  or  absence 
(-)  of  Mek(sp)  or  in  the  presence  of  the  MAPK  inhibitor  ( +U0126 ).  Nuclear  extracts  were  then  either  immuno- 
precipitated  with  M2  antibody  and  probed  with  an  anti-P-serine  monoclonal  antibody  or  immunoprecipitated 
(IP)  with  anti-P-serine  and  probed  with  M2. 


was  not  possible  to  detect  peptide  fragments  containing  the 
Ser301  region  in  MS/MS,  precluding  its  identification  using  this 
approach. 

Identification  of  an  ERK  Binding  Region  in  Runx2 — Consist¬ 
ent  with  the  concept  that  Runx2  is  an  ERK/MAPK  substrate, 
ERK  was  shown  to  bind  Runx2  in  co-immunoprecipitation 
assays  (Fig.  4).  ERI<-Runx2  complexes  were  detected  in  nuclear 
extracts  from  MC-4  cells  that  have  high  endogenous  levels  of 
both  proteins  [panel  A)  as  well  as  in  COS7  cells  transfected 
with  affinity-tagged  Runx2  [panels  B-D).  To  identify  the 
Runx2  region  responsible  for  ERK  binding,  COS7  cells  were 
transfected  with  wild  type  HA-tagged  Runx2,  Runx2  with 
S301A,S319A  mutations,  or  Runx2  with  several  N-terminal 
deletions  and  interactions  with  endogenous  ERK1/2  were 
examined.  Cell  lysates  were  immunoprecipitated  with  an  anti- 
ERK1/2  antibody  and  precipitates  were  probed  on  Western 
blots  with  an  anti-HA  antibody  (Fig.  4 B,  top).  Wild  type  Runx2 
was  clearly  coprecipitated  with  the  anti-ERK  antibody.  Of  the 
N-terminal  deletions  examined,  only  the  A97  fragment  was 
precipitated,  whereas  A232  and  242  deletions  failed  to  interact 
with  ERK.  The  reciprocal  experiment  (immunoprecipitation  with 
HA  antibody  and  probing  blots  with  anti-ERK  antibody,  Fig.  4B, 
second  panel  from  top)  gave  equivalent  results.  Similarly,  when 
C-terminal  deletions  were  examined  using  FLAG-tagged  Runx2 
(Fig.  4 C),  Runx2-ERI<  binding  was  retained  down  to  and  including 
the  A330  deletion.  This  indicates  that  the  ERK  binding  site  is  in  the 
runt  domain  of  Runx2.  Interestingly,  the  S301A,S319A  mutant 
Runx2  bound  ERK  normally,  indicating  that  this  interaction  does 
not  require  intact  phosphorylation  sites. 


Inspection  of  the  runt  domain 
region  of  Runx2  revealed  that 
it  contains  a  consensus  ERK  dock¬ 
ing  “D”  site  (GKSFTLTITVFTNPP) 
at  aa  201-215  (37).  To  confirm  its 
role  in  ERK  complex  formation,  this 
region  of  Runx2  was  deleted,  result¬ 
ing  in  complete  loss  of  ERK  binding 
(Fig.  4D).  The  D  site  deletion  also 
almost  completely  blocked  the 
ability  of  Melc(sp)  to  stimulate 
Runx2-dependent  transcription  of  a 
60SE2-luc  reporter  (supplemental 
Fig.  SI). 

Functional  Analysis  of  Phosphor¬ 
ylation  Sites — We  initially  assessed 
the  functionality  of  the  above  phos¬ 
phorylation  sites  in  the  context  of 
the  Runx2-(l-330)  fragment  be¬ 
cause  this  contained  the  minimal 
sequence  for  MAPK  responsive¬ 
ness.  Ser/Ala  mutants  described 
above  or  Ser/Glu  mutations  were 
generated  at  each  site  individually 
or  in  combination,  and  wild  type  or 
mutated  expression  plasmids  were 
transfected  into  COS7  cells  with 
60SE2-luc  +/— Mek(sp).  As  shown 
in  Fig.  5 A,  the  ability  of  Mek(sp)  to 
stimulate  transcriptional  activity  of  Runx2-(l-330)  was  totally 
blocked  with  the  MEK1/2  inhibitor,  U0126.  However,  individ¬ 
ual  Ser/Ala  mutations  at  residues  301  or  319  only  slightly  inhib¬ 
ited  MAPK  stimulation,  whereas  the  S282 A  mutation  was  with¬ 
out  effect.  On  the  other  hand,  introduction  of  a  S301A,S319A 
double  mutation  completely  eliminated  MAPK  responsiveness. 
In  contrast,  the  S301E,S319E  mutant  exhibited  high  basal  tran¬ 
scriptional  activity  in  the  absence  of  MAPK  stimulation  that 
was  not  affected  by  Mek(sp).  This  is  consistent  with  previous 
studies  showing  that  addition  of  the  charged  amino  acid  is  able 
to  mimic  a  phosphorylated  serine  residue  (38). 

T o  evaluate  the  role  of  phosphorylation  sites  in  the  context  of 
the  native  Runx2  protein,  S301A,S319A  or  S301E,S319E  muta¬ 
tions  were  also  introduced  into  full-length  Runx2  and  evaluated 
for  Mek(sp)  (Fig.  5 B)  or  FGF2  responsiveness  (Fig.  5 C)  using  the 
same  60SE2-luc  reporter  used  above.  As  was  the  case  with 
Runx2-(l-330),  the  Mek(sp)-dependent  induction  of  luciferase 
activity  was  blocked  with  U0126,  whereas  the  S301E,S319E 
mutation  resulted  in  constitutive  activation  of  reporter  activity 
that  was  not  further  stimulated  by  Mek(sp).  In  contrast  to  the 
result  obtained  with  Runx2-(l-330),  S301A,S319A  mutations 
only  partially  blocked  the  MAPK  response  (approximately  40% 
inhibition). 

As  noted  above,  FGF2  induction  of  Ocn  expression  also 
requires  ERK/MAPK  activity  and  is  associated  with  Runx2 
phosphorylation  (13).  A  preliminary  deletion  analysis  (not 
shown)  also  indicated  that  FGF2  responsiveness  was  lost  after 
deletion  of  the  aa  286-330  Runx2  region.  To  evaluate  whether 
Ser301  and  Ser319  are  required  for  the  FGF2  response,  wild  type 
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FIGURE  4.  Association  of  Runx2  with  ERK.  4,  co-immunoprecipitation  of 
endogenous  Runx2and  ERK.  MC-4cell  nuclear  extracts  were  immunoprecipi- 
tated  with  IgG,  ERK,  or  Runx2  antibodies  and  blots  were  probed  as  indicated. 
B-D,  identification  of  the  ERK  binding  domain  in  Runx2.  Wild  type  (WT)  Runx2 
or  the  indicated  N-terminal  (HA-tagged  Runx2,  8)  or  C-terminal  Runx2  dele¬ 
tions  (FLAG-tagged  Runx2,  Q  were  expressed  in  COS7  cells  and  immunopre- 
cipitated  (IP)  with  the  indicated  antibodies.  Blots  were  then  probed  for  Runx2 
(HA  or  M2  antibodies)  or  total  ERK.  Panel  C  also  shows  immunoprecipitation 
results  using  either  full-length  or  the  1-330  truncated  Runx2  containing 
either  wild  type  sequence  (WT)  or  the  S301A,S319A  double  mutation  (SA). 
Panel  D  compares  immunoprecipitation  activity  of  WTRunx2  with  an  internal 
deletion  containing  a  consensus  ERK-binding  D  site  (amino  acid  residues 
201-215). 


or  S301A,S319A  mutant  Runx2  were  transfected  into  COS7 
cells  together  with  60SE2-luc,  and  luciferase  activity  was  mea¬ 
sured  after  a  24-h  treatment  with  FGF2.  Consistent  with  our 
previous  report  (13),  FGF2  stimulated  60SE2-luc  activity  in  a 
Runx2-dependent  manner.  However,  growth  factor  activity 
was  significantly  reduced,  although  not  eliminated,  in  cells 
transfected  with  the  S301A,S319A  mutant  (Fig.  5 C).  Taken 
together,  studies  with  full-length  Runx2  indicate  that  Ser301 
and  Ser319  phosphorylation  sites  are  important  for  MAPK 
responsiveness  although  more  distal  sites  outside  the  1-330 
region  may  also  be  needed  for  full  transcriptional  activation. 

Requirement  for  Ser301  and  Ser319  Phosphorylation  Sites  for 
Osteoblast-specific  Gene  Expression  and  Differentiation — The 
studies  shown  in  Fig.  5  demonstrated  that  S301A,S319A  muta¬ 
tions  in  Runx2-(l-330)  completely  blocked  Melc(sp)-depen- 
dent  activation  of  transcriptional  activity,  whereas  the  same 
mutations  in  the  context  of  the  full-length  Runx2  molecule  only 
partially  eliminated  MAPK  responsiveness.  Because  results 
from  transcription  assays  using  constitutively  active  kinases 


and  artificial  reporter  constructs  often  do  not  mimic  those 
obtained  with  endogenous  genes,  we  considered  it  important  to 
show  that  these  mutations  also  reduce  the  ability  of  Runx2  to 
stimulate  endogenous  osteoblast  gene  expression  and  differen¬ 
tiation.  Two  approaches  were  taken  to  address  this  issue.  In  the 
first,  mTERT-immortalized  calvarial  cells  from  Runx2_/_  mice 
(34)  were  transfected  with  wild  type  Runx2,  S301A,S319A,  or 
S301E,S319E  mutants  (Fig.  6).  After  5  days  of  growth  in  ascor¬ 
bic  acid-containing  medium  to  stimulate  ECM-dependent  dif¬ 
ferentiation,  total  RNA  was  isolated  and  levels  of  osteocalcin 
(A)  and  bone  sialoprotein  mRNAs  ( B )  were  measured  by  quan¬ 
titative  reverse  transcription-PCR.  As  expected,  wild  type 
Runx2  transfection  strongly  induced  both  mRNAs  and  this 
induction  was  suppressed  by  the  MAPK  inhibitor,  U0126.  In 
contrast,  the  S301A,S319A  mutant  only  weakly  stimulated 
mRNA  expression  and  its  activity  was  resistant  to  further  inhi¬ 
bition  by  U0126.  The  S301E,S319E  mutant,  on  the  other  hand, 
induced  Ocn  and  Bsp  mRNAs  to  higher  levels  than  those 
obtained  with  wild  type  Runx2  via  a  mechanism  that  was  largely 
resistant  to  MAPK  inhibition.  As  shown  in  panel  C,  these 
results  cannot  be  explained  by  differences  in  expression  levels 
of  wild  type  and  mutant  Runx2  proteins. 

To  examine  the  requirement  for  Runx2  phosphorylation 
sites  in  osteoblast  differentiation  over  a  more  prolonged  time 
period,  we  used  an  adenovirus  expression  system  in 
C3H10T1/2  cells.  This  mesenchymal  cell  line  contains  no 
detectable  endogenous  Runx2,  but  will  undergo  osteoblast  dif¬ 
ferentiation  after  transduction  with  an  adeno-Runx2  expres¬ 
sion  vector.  Previous  studies  showed  that  AdRunx2  vectors 
continue  to  produce  active  transcription  factors  for  at  least 
7-10  days  in  this  system  (36).  Wild  type  and  S301A,S319A 
Runx2  adenovirus  were  constructed  and  titered  in  C3H10T1/2 
cells  to  produce  equivalent  amounts  of  Runx2  protein  as  meas¬ 
ured  on  Western  blots.  As  shown  in  Fig.  7,  wild  type  Runx2 
clearly  induced  osteoblast  differentiation  in  this  system.  Sus¬ 
tained  induction  of  alkaline  phosphatase  activity  (panel  A)  as 
well  as  Ocn  and  Bsp  mRNAs  (panels  B  and  C)  was  observed  over 
a  12-day  period.  In  contrast,  cells  expressing  the  Ser/Ala 
mutant  had  less  than  25%  the  alkaline  phosphatase  activity  of 
wild  type  at  all  times  examined.  Induction  of  Ocn  and  Bsp 
mRNAs  was  similarly  attenuated.  Western  blot  results  revealed 
little  or  no  differences  in  Runx2  protein  levels  in  the  two  groups 
at  all  times  examined,  making  it  unlikely  that  differences  in 
Runx2  expression  or  stability  could  explain  these  results. 

DISCUSSION 

In  this  study,  we  identified  two  phosphorylation  sites  in 
Runx2  at  Ser301  and  Ser319  that  are  required  for  MAPK-de- 
pendent  activation  of  Runx2  transcriptional  activity  and  osteo¬ 
blast  differentiation.  These  sites  are  phosphorylated  in  a  MAPK- 
dependent  manner  in  intact  cells.  As  shown  by  MS/MS 
analysis,  at  least  one,  Ser319,  is  a  direct  ERK1  substrate.  Further¬ 
more,  Runx2  can  bind  ERK  using  a  D  site  between  amino  acids 
201  and  215  in  the  runt  domain  region.  Consistent  with  Ser301 
and  Ser319  being  important  for  osteoblast  function,  inactivating 
Ser  to  Ala  mutations  greatly  reduced  the  ability  of  Runx2  to 
stimulate  expression  of  Ocn  and  Bsp  mRNAs  in  Runx2_/_  cal¬ 
varial  cells  and  blocked  Runx2-dependent  induction  of  osteo- 
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FIGURE  5.  Functional  analysis  of  Runx2  phosphorylation  sites.  A,  Identifi¬ 
cation  of  phosphorylation  sites  necessary  for  MAPK  responsiveness  using 
Runx2-(1-330).  Specific  mutations  were  created  in  Runx2-(1-330)  to  gener¬ 
ate  S282A,  S301  A,  or  S319A  mutants  or  the  indicated  combinations  as  well  as 
an  S301E.S319E  mutant.  Runx2  expression  plasmids  were  transfected  into 
COS7  cells  in  the  presence  or  absence  of  Mek(sp)  vector  and  iuciferase  report¬ 
ers  as  described  in  the  legend  to  Fig.  1. 6,  evaluation  of  requirement  for  Ser301 
and  Ser3'9  sites  in  the  context  of  full-length  Runx2  protein.  S301A.S319A  or 
S301E,S319E  mutations  were  generated  in  full-length  Runx2  and  evaluated 
for  Mek(sp)  responsiveness  as  in  panel  A.  C,  FGF2-responsiveness  of  wild  type 
( WT)  and  mutant  Runx2.  COS7  cells  were  transfected  with  wild  type  full- 
length  Runx2  or  the  S301  A,S319A  mutant.  After  24  h,  cells  were  treated  for  an 
additional  24  h  with  FGF2  (50  Tjg/ml)  before  Iuciferase  activity  was  measured. 
Statistically  significant  differences  are  indicated:  a,p<  0.05;  b,p  <  0.01.  Error 
bars,  ±S.D. 

blast  gene  expression  and  differentiation  in  a  mesenchymal  cell 
line.  In  contrast,  Ser  to  Glu  mutations,  which  mimic  the  charge 
density  of  phosphorylated  amino  acids,  activated  Runx2-de- 
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FIGURE  6.  Induction  of  osteoblast  differentiation  markers  by  wild  type 
(WT)  Runx2  and  phosphorylation  site  mutants.  An  mTERT-immortalized 
cell  line  derived  from  Runx2_/“  calvaria  was  transfected  with  wild  type  and 
mutant  Runx2  expression  vectors  and  grown  for  5  days  in  ascorbic  acid-con¬ 
taining  medium  before  measurement  of  Ocn  (A)  and  Bsp  (8)  mRNAs  by  real¬ 
time  reverse  transcription-PCR.  Indicated  samples  were  also  treated  with 
U01 26  1 2  h  before  harvest.  The  mRNA  levels  were  normalized  to  glyceralde- 
hyde-3-phosphate  dehydrogenase  ( Gapdh )  mRNA  in  each  sample.  Runx2 
protein  in  each  group  was  measured  on  Western  blots  (WB)  (Q.  S/A  mut, 
S301A,S319A  mutant;  S/E  mut,  S301E.S319E  mutant.  Statistically  significant 
differences  are  indicated:  a,p<  0.05;  b,  p  <  0.01.  fi-gal,  j8-galactosidase.  Error 
bars,  ±S.D. 


pendent  transcription.  Taken  together,  these  studies  empha¬ 
size  the  importance  of  MAPK-dependent  phosphorylation  as  a 
means  of  controlling  Runx2  transcriptional  activity  in  bone. 

As  one  of  the  major  signal  transduction  pathways  in  bone, 
the  ERK/MAPK  pathway  is  able  to  integrate  stimuli  from 
growth/differentiation  factor  binding  to  receptor  tyrosine 
kinases  (39),  ECM-integrin  binding  and  focal  adhesion  kinase 
activation  (40),  certain  non-genomic  actions  of  estrogens  (41), 
and  mechanical  stimulation  mediated  by  FAI<  activation  (42) 
and  connexin  43  up-regulation  (43).  It  also  has  important  func¬ 
tions  in  the  differentiation  of  post-mitotic  mesenchymal  and 
neuronal  cells  (44,  45)  and  regulates  the  activity  of  several  tis¬ 
sue-specific  transcription  factors  including  MyoD  (muscle 
(46)),  Sox9  (cartilage  (47))  and  peroxisome  proliferator-acti- 
vated  receptor  y  (adipose  (48)).  Furthermore,  as  previously 
shown  by  this  laboratory,  in  vivo  transgenic  stimulation  of  ERI</ 
MAPK  signaling  in  osteoblasts  accelerates  bone  development 
and  is  able  to  partially  rescue  the  cleidocranial  dysplasia  pheno- 
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FIGURE  7.  Induction  of  osteoblast  differentiation  by  wild  type  Runx2  and 
the  S301A,S319A  phosphorylation  site  mutant.  Adenovirus  expression 
vectors  containing  wild  type  and  S301  A,S31 9A  Runx2  mutants  (SA)  were  used 
to  transduce  C3H10T1/2  mesenchymal  cells.  Cells  were  then  grown  in  differ¬ 
entiation  medium  for  the  indicated  times  before  measurement  of  alkaline 
phosphatase  activity  (ALP;  A)  or  Ocn/Bsp  mRNA  levels  (OCA/ and  BSP;  normal¬ 
ized  to  glyceraldehyde-3-phosphate  dehydrogenase  (GAP);  C  and  D).  Runx2 
protein  in  each  sample  was  measured  on  Western  blots  (D).  Statistically  sig¬ 
nificant  differences  are  indicated:  a,  p  <  0.05;  b,  p  <  0.01.  SA,  S301A,S319A 
mutant.  Error  bars,  ±S.D. 

type  of  Runx2  haploinsufficient  mice  (14).  Based  on  this  work,  it 
is  likely  that  the  phosphorylation  sites  we  identified  at  Ser301 
and  Ser319  are  critical  for  regulating  Runx2  activity  in  vivo  and 
may  function  to  integrate  the  osteogenic  response  to  hormonal, 
mechanical,  and  environmental  stimuli. 

Although  Ser301  and  Ser319  are  clearly  very  important  for 
Runx2  transcriptional  activity,  it  is  possible  that  other  sites  also 
participate  in  the  MAPK  response.  Specifically,  progressively 
larger  C-terminal  deletions  of  Runx2  gradually  reduced  MAPK- 
dependent  activation  of  the  60SE2-luc  reporter  gene,  with  the 
truncated  Runx2-(l-330)  being  the  minimal  Runx2  truncation 
that  still  retained  MAPK  responsiveness  (Fig.  1).  It  is,  therefore, 
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possible  that  phosphorylation  sites  in  the  region  between  resi¬ 
dues  330  and  528  may  also  participate  in  the  MAPK  response, 
perhaps  functioning  as  secondary  sites  after  priming  phosphor¬ 
ylations  occur  at  Ser301  and  Ser319.  Consistent  with  this  idea, 
our  MS/MS  analysis,  which  identified  peptides  containing  all 
proline-directed  serines  in  Runx2  except  Ser301,  detected  two 
additional  direct  MAPK  phosphorylation  sites  at  Ser43  and 
Ser510  as  well  as  an  indirect  MAPK  site  at  Ser282.  Also,  the 
S301A,S319A  mutant  Runx2  still  retained  a  MAPK-dependent 
increase  in  total  P-serine  on  Western  blots  as  would  be 
expected  if  additional  sites  were  present  (Fig.  3).  However, 
the  observation  that  the  high  constitutive  activity  of  the 
S301E,S319E  Runx2  mutant  was  refractory  to  MAPK  inhibition 
(Fig.  6)  argues  against  these  other  sites  being  major  contribu¬ 
tors  to  the  MAPK  response  because  inhibiting  their  phosphor¬ 
ylation  was  not  able  to  prevent  the  transcriptional  activation 
seen  when  301  and  319  sites  were  in  an  activated  state. 

MAPK-dependent  phosphorylation  of  Runx2  is  also  clearly 
required  for  FGF2-dependent  induction  of  Ocn  expression  (13). 
However,  S301  A,S319A  mutations  only  partially  blocked  FGF2 
activation  of  the  60SE2-luc  reporter  (Fig.  5  C).  This  partial  inhi¬ 
bition  may  be  explained  by  the  involvement  of  additional 
MAPK  sites  as  well  as  other  kinase  sites.  In  this  regard,  a  recent 
study  by  Kim  and  co-workers  (49)  reported  that  FGF2  also  acti¬ 
vates  Runx2  via  phosphorylation  by  PKCy  at  Ser247.  Thus,  it  is 
possible  that  FGF2  activates  Runx2  transcriptional  activity  by 
phosphorylating  both  ERK/MAPK  and  PI<C  sites. 

Runx  family  members  exhibit  a  high  degree  of  amino  acid 
sequence  conservation,  particularly  in  the  DNA  binding  or 
Runt  domain.  Although  the  C-terminal  Pro/Ser/Thr  domain  of 
Runx  proteins  is  not  highly  conserved,  the  two  phosphorylation 
sites  we  identified  in  Runx2  are  also  present  in  Runxl  (but  not 
in  Runx3).  Interestingly,  EGF  and  phorbol  ester  activation  of 
the  ERK/MAPK  pathway  can  stimulate  Runxl  transcriptional 
activity  via  phosphorylation  on  these  sites  (50,  51).  Runxl  is 
essential  for  hematopoietic  cell  differentiation  (52)  and  is  also  a 
frequent  site  for  chromosomal  translocations  in  acute  myelog¬ 
enous  leukemia.  Consistent  with  this  oncogenic  activity,  trans¬ 
fection  of  Runxl  into  fibroblasts  stimulates  anchorage-inde¬ 
pendent  growth  and  transformation.  Interestingly,  Ser/ Ala 
mutations  at  Ser249  and  Ser266  in  Runxl  (equivalent  to  Ser301 
and  Ser319  in  Runx2)  inhibit  growth  of  NIH  3T3  fibroblasts  in 
soft  agar,  a  common  assay  for  cell  transformation  (50).  Runx2 
can  also  function  as  an  oncogene  under  certain  conditions  and 
has  been  associated  with  cell  proliferation  and  migration  of 
breast  cancer  cells  (53,  54).  It  is,  therefore,  possible  that  ERIC/ 
MAPK-dependent  phosphorylation  of  Runx2  at  Ser301  and 
Ser319  could  also  be  associated  with  this  metastasis-related 
behavior. 

It  is  not  presently  understood  how  phosphorylation  of  Runx2 
stimulates  transcription.  We  and  others  previously  observed 
that  the  apparent  affinity  of  Runx2  for  OSE2-containing  DNA 
increases  with  differentiation  and  this  increase  can  be  blocked 
with  MAPK  inhibition  (12,  26,  55).  However,  it  is  not  known  if 
this  is  a  direct  consequence  of  Runx2  phosphorylation.  Inter¬ 
estingly,  using  chromatin  immunoprecipitation  assays,  we  find 
Runx2  associated  with  Ocn  and  Bsp  chromatin  in  both  differ¬ 
entiated  and  undifferentiated  MC3T3-E1  cells  even  in  the  pres- 
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ence  of  MAPK  inhibition  (56).  Thus,  Runx2  does  not  dissociate 
from  its  binding  sites  on  chromatin  even  though  its  in  vitro 
affinity  for  DNA  may  be  lower  in  the  unphosphorylated  state. 
Runx2  is  also  known  to  serve  as  a  docking  site  for  many  nuclear 
factors  that  can  form  active  or  inactive  transcription  complexes 
on  chromatin  (57).  In  this  regard,  we  recently  showed  that  the 
physical  association  of  Runx2  with  ERK  reported  in  the  present 
study  can  also  be  detected  on  the  chromatin  of  Runx2  target 
genes  in  vivo  (56).  In  this  case,  P-ERK  binding  to  Ocn  and  Bsp 
chromatin  required  Runx2  and  intact  Runx2  binding  sites  in 
the  DNA.  Furthermore,  this  binding  was  dependent  on  the  ele¬ 
vated  MAPK  activity  associated  with  osteoblast  differentiation. 
Runx2  can  therefore  be  viewed  as  providing  a  docking  site  for 
P-ERK  on  the  chromatin  of  target  genes.  In  addition  to  phos- 
phorylating  Runx2,  chromatin-bound  P-ERK  may  also  initiate 
subsequent  events  such  as  phosphorylation  of  other  chromatin 
substrates  or  the  recruitment  of  additional  factors  including 
histone  acetyltransferases  like  p300/cAMP-response  element¬ 
binding  protein  to  modify  chromatin  structure,  thereby  allow¬ 
ing  the  initiation  of  transcription.  Interestingly,  the  ERI</ 
MAPK-dependent  phosphorylation  of  Runxl  discussed  above 
is  associated  with  the  dissociation  of  the  histone  deacetylase 
co-factor,  mSin3a,  from  Runxl,  thereby  allowing  subsequent 
increases  in  histone  acetylation  (58).  Because  Runxl  phosphor¬ 
ylation  sites  are  conserved  in  Runx2,  this  observation  provides  a 
plausible  mechanism  for  how  ERK/MAPK  phosphorylation 
could  alter  Runx2-dependent  transcription.  This  possibility  is 
currently  being  pursued  by  this  laboratory.  Last,  Afzal  and  co¬ 
workers  (59)  showed  that  MAPK-mediated  phosphorylation  of 
Runx2  is  also  necessary  for  complex  formation  with  Smads. 

In  addition  to  the  ERK/MAPK-dependent  regulation  of 
Runx2  described  herein,  several  other  types  of  post-transla¬ 
tional  modifications  have  been  described  for  this  molecule. 
Phenylthiohydantoin/protein  kinase  A-mediated  phosphoryla¬ 
tion  of  a  C-terminal  Runx2  site  was  correlated  with  induction  of 
MMP13  (60).  More  recently,  Cdk4-mediated  phosphorylation 
at  Ser472  was  shown  to  target  Runx2  for  ubiquitination  and 
proteosomal  degradation  during  the  cell  cycle  (61),  whereas 
cdc2  phosphorylation  at  Ser451  was  shown  to  be  necessary  for 
cell  cycle  progression  of  endothelial  cells  (62).  Also,  glycogen 
synthase  kinase  3j3-dependent  phosphorylation  of  Runx2  at 
Ser369-Ser373-Ser377  was  shown  to  reduce  transcriptional  activ¬ 
ity  (63).  Last,  Runx2  can  be  acetylated  on  critical  lysine  residues 
by  p300  acetyltransferase.  This  modification,  which  is  stimu¬ 
lated  by  BMP2,  increases  transcription  and  stabilizes  Runx2 
against  proteosomal  degradation  (64).  Thus,  post-translational 
modification  appears  to  be  a  common  mechanism  for  regulat¬ 
ing  Runx2  activity  and  stability. 

In  summary,  phosphorylation  of  Runx2  at  Ser301  and  Ser319 
clearly  has  an  important  regulatory  role  in  Runx2 -dependent 
transcription  because  mutation  of  these  sites  in  the  context  of 
the  intact  Runx2  molecule  severely  attenuated  the  ability  of 
Runx2  to  stimulate  osteoblast-specific  gene  expression  during 
differentiation.  Ongoing  in  vivo  studies  will  be  necessary  to 
assess  the  full  impact  of  Runx2  phosphorylation  to  the  overall 
activity  of  this  molecule  during  skeletal  development  and 
remodeling. 
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Supplementary  Figure  SI.  Effect  of  D  site  deletion  on  MAPK-stimulated  Runx2 
transcriptional  activity.  Wild  type  full-length  Runx2  (WT-FL)  or  Runx2  containing  a  15  amino 
acid  residue  deletion  (A201-215)  spanning  the  Erk-binding  D  site  (D  site-FL)  was  transfected 
into  COS7  cells  with  a  60SE2-luc  reporter  and  renilla  normalization  vector  in  the  presence  or 
absence  of  constitutively-active  Mekl  (Meksp).  After  48  h,  cells  were  harvested  for 
measurement  of  luciferase  activity  (A)  or  total  transfected  Runx2  protein  as  measured  by 
immunoblotting  (B). 
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Abstract 

Parathyroid  hormone  (PTH)  is  a  potent  anabolic  agent  for  the  treatment  of  osteoporosis.  However,  its  mechanism  of  action 
in  osteoblast  and  bone  is  not  well  understood.  In  this  study,  we  show  that  the  anabolic  actions  of  PTH  in  bone  are  severely 
impaired  in  both  growing  and  adult  ovariectomized  mice  lacking  bone-related  activating  transcription  factor  4  (ATF4).  Our 
study  demonstrates  that  ATF4  deficiency  suppresses  PTH-stimulated  osteoblast  proliferation  and  survival  and  abolishes 
PTH-induced  osteoblast  differentiation,  which,  together,  compromise  the  anabolic  response.  We  further  demonstrate  that 
the  PTH-dependent  increase  in  osteoblast  differentiation  is  correlated  with  ATF4-dependent  up-regulation  of  Osterix.  This 
regulation  involves  interactions  of  ATF4  with  a  specific  enhancer  sequence  in  the  Osterix  promoter.  Furthermore,  actions  of 
PTH  on  Osterix  require  this  same  element  and  are  associated  with  increased  binding  of  ATF4  to  chromatin.  Taken  together 
these  experiments  establish  a  fundamental  role  for  ATF4  in  the  anabolic  actions  of  PTH  on  the  skeleton. 
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Introduction 

Parathyroid  hormone  (PTH)  is  a  major  regulator  of  calcium 
homeostasis  and  has  both  catabolic  and  anabolic  effects  on 
osteoblasts  and  bone  that  depend  on  the  temporal  pattern  of 
administration.  Continuous  administration  of  PTH  decreases  bone 
mass  whereas  intermittent  administration  increases  bone  mass  [1— 
6].  The  mechanism(s)  responsible  for  these  differing  effects  are 
poorly  understood.  The  anabolic  activity  of  PTH  has  been 
attributed  to  both  direct  actions  of  this  hormone  on  osteopro- 
genitor  cells  as  well  as  indirect  effects  mediated  by  the  production 
of  growth  factors  such  as  insulin-like  growth  factor- 1  (IGF-1)  and 
basic  fibroblast  growth  factor-2  (FGF-2)  [7,8],  Most  cellular 
actions  of  PTH  are  mediated  by  the  PTH- 1  receptor,  a  G  protein- 
coupled  receptor  that  is  expressed  in  osteoblasts  [9,10].  Binding  of 
PTH  to  its  receptor  activates  multiple  intracellular  signaling 
pathways  that  involve  cAMP,  inositol  phosphates,  intracellular 
Caz+,  protein  kinases  A  and  C  [11],  and  the  extracellular  signal- 
related  (ERK)/ mitogen-activated  protein  kinase  (MAPK)  pathway 
[12,13].  Activation  of  these  signal  transduction  pathways  ulti¬ 
mately  affects  cellular  behavior.  In  this  regard,  the  anabolic  actions 
of  PTH  on  bone  have  been  attributed  to  increased  proliferation  of 
osteopregenitors/osteoblasts  [2,14,15]  and/or  decreased  osteo¬ 
blast  apoptosis  [6,16,17]. 

Although  a  number  of  transcription  factors  including  cAMP 
response  element  binding  protein  (CREB)  [18,19],  API  family 


members  [20-22],  and  Runx2  [20,23]  have  been  implicated  in  the 
molecular  actions  of  PTH  in  osteoblasts,  genetic  studies  have  not 
strongly  linked  any  of  these  factors  in  the  anabolic  actions  of  this 
hormone.  To  better  understand  the  anabolic  actions  of  PTH,  it  is 
essential  that  the  downstream  signals  induced  by  this  hormone  be 
identified  and  evaluated  for  possible  roles  in  bone  formation.  The 
osteocalcin  ( Ocn )  promoter  has  been  an  important  tool  for  unraveling 
the  mechanisms  mediating  osteoblast-specific  gene  expression  and 
was  used  to  identify  a  number  of  important  transcription  factors 
and  cofactors  involved  in  Ocn  gene  expression  [24—28].  Because 
the  Ocn  gene  is  regulated  by  PTH  [29,30],  we  have  used  it  as  a 
model  system  for  identifying  new  transcriptional  mediators  of 
PTH  action.  We  previously  demonstrated  that  the  OSE1 
(osteoblast-specific  element  1)  in  the  proximal  rnOG2  promoter 
[24]  is  necessary  and  sufficient  for  PTH  induction  of  this  gene 
[31].  The  OSE1  core  sequence  (TTACATCA)  was  subsequently 
identified  as  a  DNA  binding  site  for  the  ATF4  transcription  factor. 
The  critical  role  of  ATF4  in  osteoblast  differentiation  and  bone 
development  was  established  using  TZ/¥-deficient  mice  [26],  At  the 
cellular  level,  ATF4  is  critical  for  proliferation  and  differentiation 
as  well  as  survival  in  osteoblasts  [32,33].  We  recently  showed  that 
ATF4  is  also  required  for  PTH  induction  of  Ocn  expression  in 
osteoblasts  [34],  Specifically,  PTH  elevated  levels  of  ATF4  mRNA 
and  protein  in  a  dose  and  time-dependent  manner  and  increased 
binding  of  ATF4  to  OSE1  DNA.  Furthermore,  PTH  stimulation 
of  Ocn  expression  was  lost  by  siRNA  downregulation  of  ATF4  in 
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MC-4  cells  and  in  primary  bone  marrow  stromal  cells  from 
Atf4~'~  mice.  Collectively,  these  studies  demonstrate  that  ATF4  is 
a  novel  downstream  mediator  of  PTH  signaling. 

Osterix  (Osx,  or  Sp7),  a  zinc-finger-containing  transcription 
factor  of  the  sp  family,  is  essential  for  osteoblast  differentiation  and 
bone  formation  [35].  Since  Osx  is  not  detected  in  mice  lacking 
Runx2  [35],  a  master  regulator  of  osteoblast  differentiation 
[25,36-38],  it  functions  downstream  of  Runx2.  However,  the 
molecular  mechanisms  whereby  the  Osx  gene  is  transcriptionally 
regulated  are  not  well  understood. 

In  the  present  study,  we  used  ATF4-deficient  mice  to  determine 
whether  ATF4  is  more  generally  required  for  the  in  vivo  anabolic 
actions  of  PTH  in  bone  as  well  as  explore  the  mechanism  used  by 
PTH  to  regulate  ATF4  activity.  As  will  be  shown,  loss  of  ATF4 
greatly  attenuated  the  anabolic  effects  of  PTH.  Furthermore, 
ATF4  may  participate  in  the  PTH  response  by  regulating  the 
expression  of  the  Osterix  transcription  factor. 

Results 

The  anabolic  effects  of  PTH  on  bone  are  severely 
impaired  in  growing  Atf4-deficient  mice 

We  first  evaluated  our  hypothesis  that  ATF4  mediates  the 
anabolic  actions  of  PTH  in  bone  using  a  relatively  simple  “growing 
mouse”  model  system,  that  has  been  widely  used  for  studying  the 
anabolic  actions  of  PTH,  PTHrP,  FGF2,  and  IGF-1  in  bone  [2— 
4,8,39,40].  The  advantages  of  this  system  are  that  it  is  less  time 
consuming  and  costly  versus  adult  ovarectomized  mouse  models. 
Furthermore,  because  young  growing  animals  have  relatively  high 
osteoblast  activity,  they  are  more  sensitive  to  PTH  than  adults 
[2,1 1 , 1 4, 1 6 — 18,41 — 43] .  Mice  were  treated  with  vehicle  or  PTH  and 
sacrificed  24  h  after  the  last  PTH  injection.  PTH-dependent 
anabolic  activity  was  evaluated  in  these  mice  using  standard 
biochemical  and  histomorphometric  criteria.  A0  7  mice  grew 
more  slowly  than  wild  type  (wt)  animals.  The  growth  rate  was 
slightly  but  significantly  increased  by  PTH  treatment  during  d  6—18 
in  wt  but  not  Atf4  7  animals  (Fig.  SI  A).  A0  7  femurs  were  also 
shorter  than  wt  or  Atf4^/  femurs.  Consistent  with  results  from  a 
previous  study  [3],  PTH  did  not  alter  the  length  of  femurs  (Fig.  SIB). 
However,  it  did  significantly  increase  the  dry  ash  weight  per  femur  in 
wt  and  Atf4*/  but  not  in  Atf4  7  mice  (Fig.  SIC).  Serum  Pi  and 
calcium  concentration  (Fig.  S 1 D  and  E)  were  not  markedly  affected 
by  PTH  or  ATF4  deficiency.  Faxitron  X-ray  analysis  of  femurs 
revealed  that  wt  and  Atff/  mice  responded  to  PTH  with  markedly 
increased  radiopacity  throughout  the  whole  femur,  with  the  most 
dramatic  increase  in  the  metaphyseal  region  (Fig.  S2,  top  and 
middle).  In  contrast,  PTH  only  slightly  increased  the  radiopacity  in 
the  same  region  of  A0  7  femurs  (Fig.  S2,  bottom).  As  shown  in 
Fig.  1,  quantitative  pCT  analysis  of  femur  histomorphometric 
parameters  showed  thatA0~/~  mice  had  a  significant  reduction  in 
bone  volume/tissue  volume  (BV/TV),  trabecular  number  (Tb.N), 
and  cortical  thickness  (Cort.Th)  and  a  marked  increase  in  trabecular 
space  (Tb.Sp)  compared  with  the  wt  or  A0h/  littermates.  These 
data  confirmed  an  essential  role  of  ATF4  in  bone  that  was  previously 
demonstrated  by  the  Karsenty  group  [26],  As  expected,  in  wt 
femurs,  intermittent  PTH  increased  BV/TV,  Tb.N,  and  Tb.Th  by 
5.4-fold,  2.7-fold,  and  1 .5-fold,  respectively,  and  decreased  Tb.Sp  by 
60  percent.  Similar  effects  were  also  seen  in  Atf0'  mice  (Fig.  IB). 
In  contrast,  the  PTH  response  was  greatly  attenuated  in  A0  7 
mice  where  the  following  PTH  responses  were  observed;  BV/TV, 
2.2-fold  increase;  Tb.N,  1.7-fold  increase;  Tb.Th,  1.1-fold  increase; 
Tb.Sp,  36  percent  decrease.  In  all  cases,  the  magnitude  of  PTH- 
stimulated  changes  on  BV/TV,  Tb.N,  Tb.Sp  was  dramatically 
reduced  in  Atf4  7  mice  relative  to  wt  or  Atf0/  mice  (P<0.05, 


PTH/veh-wt  vs.  PTH/veh-zL/4-7-).  Furthermore,  PTH-stimulat- 
ed  increases  in  Cort.Th  and  Tb.Th  were  completely  lost  in  Atf4  7 
femurs.  Because  PTH  similarly  affected  all  trabecular  and  cortical 
parameters  in  Atf0/+  and  Atf0f  mice,  subsequent  experiments 
compared  the  PTH  effects  on  bone  only  between  wt  and  A0~'~ 
mice. 

We  next  measured  effects  of  Atf4  gene  ablation  on  PTH 
stimulation  of  tibiae,  vertebrae,  and  calvariae.  The  anabolic  effect 
of  PTH  on  wt  tibiae  was  so  dramatic  that  the  majority  of  the  bone 
marrow  cavity  was  replaced  by  newly  formed  bone  (Fig.  2A  and 
B).  In  Atf4~/  tibiae,  while  PTH  still  induced  a  small  increase  in 
trabecular  area,  the  magnitude  of  stimulation  was  significantly 
reduced  (5-fold  in  wt  vs.  2.2-fold  in  A0~/~)( P<0.05,  PTH/veh- 
wt  vs.  PTH/veh-T(/¥-7-)(Fig.  2C-E).  Likewise,  the  PTH-stimu- 
lated  increase  in  die  trabeculae  of  vertebrae  (L5)  was  markedly 
reduced  in  A0~'~  mice  (3-fold  in  wt  vs.  2-fold  in  A0~/~) 
(P<0.05,  PTH/veh-wt  vs.  PTH/veh-At/4_7_)(Fig.  2F-J).  When 
histological  sections  of  calvariae  were  compared,  PTH  increased 
the  width  of  the  calvariae  by  1.8-fold  in  wt  mice,  a  response  that 
was  abolished  in  Atf4  7  animals  (Fig.  2K-0). 

Ablation  of  the  Atf4  gene  impairs  PTH  stimulation  of 
trabecular,  but  not  cortical  bone  in  7-month-old 
ovariectomized  (OVX)  mice 

The  experiments  described  above  clearly  establish  a  critical  role 
of  ATF4  in  the  anabolic  effects  of  PTH  on  long  bones,  vertebrae, 
and  calvariae  in  rapidly  growing  mice.  However,  it  is  possible  that 
results  obtained  from  growing  animals  may  be  different  from  those 
in  adults  due  to  possible  effects  of  PTH  and/ or  ATF4  on  animal 
growth  or  influences  of  animal  growth  on  the  anabolic  response  to 
PTH,  either  of  which  could  complicate  the  interpretation  of  the 
results.  In  contrast,  adult  mice  have  a  mature  skeleton  in  which 
these  possible  complications  can  be  avoided.  Furthermore,  the 
OVX  mouse  provides  a  model  that  may  be  more  relevant  to  the 
clinical  applications  of  PTH  in  the  treatment  of  osteoporosis.  For 
these  reasons,  we  next  evaluated  whether  ATF4  is  required  for  the 
anabolic  response  to  PTH  in  7-month-old  OVX  mice.  OVX 
surgery  was  successful  as  demonstrated  by  significant  reduction  in 
BV/TV  (65  percent),  Tb.N  (27  percent),  and  Tb.Th  (18  percent) 
and  increased  Tb.Sp  (37  percent)  relative  to  sham  surgery  (P<0.05, 
wt-sham  vs.  wt-OVX)  (Fig.  S3).  OVX  surgery  did  not  reduce 
Cort.Th,  which  is  consistent  with  results  from  rats  [44],  Interest¬ 
ingly,  OVX  surgery  did  not  significantly  reduce  bone  parameters  in 
Atf4  7  animals  (P>0.05,  Atf4  7  -sham  vs.  Atj4  7  -OVX).  As 
shown  in  Fig.  3  A-C,  similar  to  results  from  growing  mice,  ablation 
of  the  A0  gene  significantly  decreased  BV/TV  and  Tb.N  and 
increased  Tb.Sp  in  adult  OVX  mice.  In  further  agreement  with 
results  in  young  mice,  A0  7  animals  exhibited  a  clearly 
attenuated  response  to  PTH.  For  example,  while  PTH  increased 
BV/TV  by  7.8-fold  in  wt  mice,  this  value  was  only  increased  4.2- 
fold  in  Atf4  7  animals.  Similarly,  while  PTH  still  stimulated 
formation  of  trabecular  bone  in  A(/¥-/-trabeculae,  the  magnitude 
of  this  response  was  significantly  reduced  compared  to  wt  control 
(P<0.05,  PTH/ veh-wt  vs.  PTH/veh-  A0~ 7_).  In  contrast  to  result 
from  growing  mice,  Cort.Th  was  not  reduced  by  ablation  of  the  A0 
gene  in  adult  OVX  mice  (0.21  ±0.01  mm  in  wt  vs.  0.19±0.02  mm 
in  A0-,~ ,  P>0.05  wt  vs.  A0~'~).  Also,  PTH  was  much  less 
effective  in  stimulating  Cort.Th  in  adult  OVX  mice  (24%)  than  in 
growing  mice  (95%)  (Figs.  1  and  3).  Furthermore,  no  difference  in 
stimulation  of  cortical  thickness  by  PTH  was  observed  when  wt  and 
A0  7  groups  were  compared  (24%  wt  vs.  2 1  %  A0  7  )(P>0.05, 
PTH/veh-wt  vs.  PTH/veh -A0~,~).  As  shown  in  Fig.  3D  and  E, 
results  from  calcein  double  labeling  of  7-month  old  OVX  wt  and 
A0  7  tibia  revealed  that  the  PTH-stimulated  increase  in  mineral 
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Figure  1.  PTH-stimulated  bone  was  significantly  reduced  or  lost  in  Atf4_,_  femurs.  A,  two-dimensional  (2D)  reconstruction  from  pCT  scan 
of  femurs  from  growing  wt,  Atf4'/~  and  Atf4~/  mice  treated  with  and  without  intermittent  PTH  for  28  d.  B,  quantitative  analysis  of  bone  volume/ 
tissue  volume  (BV/TV),  trabecular  number  (Tb.  N),  trabecular  thickness  (Tb.Th),  trabecular  space  (Tb.Sp),  and  cortical  thickness  (Cort.  Th).  *P<0.05  (veh 
vs.  PTH),  +  PC0.05  (wt-veh  vs.  Atf4~/~-\/eh),  #P<0.05  (PTH/veh-wt  vs.  PTH/veh -Atf4~^). 
doi:1 0.1 371  /journal.pone.0007583.g001 


apposition  rate  (MAR),  an  indicator  of  osteoblast  function,  was 
significantly  reduced  by  ATF4  deficiency  (P<0.05,  PTH/veh-wt  vs. 
PTH/veh -Atf4~'~). 

ATF4  deficiency  significantly  reduces  basal  and  PTH- 
stimulated  proliferation  in  osteoblasts/preosteoblasts 

PTH  and  PTHrP  are  both  known  to  increase  the  proliferation 
and  numbers  of  osteoblasts  [14,15,17,45].  ATF4  is  also  a  positive 
regulator  of  osteoblast  proliferation  and  can  be  up-regulated  by 
PTH  in  these  cells  [33,34] .  To  determine  whether  ATF4  plays  a  role 
in  PTH  regulation  of  osteoblast  proliferation,  sections  of  tibiae  and 
calvariae  from  wt  and  Atf4  7  mice  treated  with  and  without 
intermittent  PTH  were  analyzed  for  in  vivo  cell  proliferation  using  a 
Zymed  BrdU  immunostaining  kit.  As  shown  in  Fig.  4A,  B,  and  E,  in 
wt  mice,  PTH  increased  the  percentage  of  proliferating  osteoblasts/ 
preosteoblasts  of  tibial  trabeculae  by  2.8-fold  relative  to  vehicle- 


treated  control.  Ablation  of  the  Atf4  gene  resulted  in  a  50%  decline 
in  basal  proliferation.  In  addition,  the  PTH-stimulated  increase  in 
proliferation  was  decreased  by  40  percent  (Fig.  4C-E).  Similarly, 
PTH-induced  proliferation  in  calvarial  periosteal  osteoblasts  was 
also  significantly  reduced  by  ATF4  deficiency  (Fig.  4F-J).  As 
expected,  very  few  osteocytes  were  BrdU-positive  in  both  tibiae  and 
calvariae.  Note:  basal  proliferation  rate  of  calvarial  periosteal 
osteoblasts  was  significantly  higher  than  that  of  tibial  trabecular 
osteoblasts  (28%  vs.  4%).  Therefore,  ATF4  is  critical  for  basal  and 
PTH-stimulated  proliferation  of  osteoblasts/preosteoblasts  in  vivo. 

PTH  fails  to  reduce  apoptotic  death  in  Atf4_/_ 
osteoblasts/osteocytes 

Mature  osteoblasts  synthesize  and  deposit  a  mineralizing 
extracellular  matrix  and  become  osteocytes.  Both  osteoblasts  and 
osteocytes  can  be  lost  through  apoptosis.  PTH  signaling  increases 
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Figure  2.  PTH-stimulated  bone  is  severely  impaired  in  Atf4_,_  tibiae,  vertebrae,  and  calvariae.  Representative  H&E  stained  sections  of 
tibiae  (A-E),  vertebrae  (L5)  (F— J),  and  calvariae  (K— 0)  are  shown.  Trabecular  bone  area  versus  total  area  of  tibiae  (E)  and  vertebrae  (J)  was  measured 
using  an  Image  Pro  Plus  6.2  software.  The  calvarial  width  was  obtained  from  20  random  measurements  throughout  the  whole  calvaria  using  a  SPOT 
Advanced  imaging  software  (O).  *P<0.05  (veh  vs.  PTH),  1  P<0.05  (wt-veh  vs.  Atf4~/~-veh),  ^P<0.05  (PTH/veh-wt  vs.  PTH/veh-Aff-G7-). 
doi:1 0.1 371  /journal. pone.0007583.g002 


the  survival  of  osteoblasts  and  osteocytes  by  reducing  apoptosis 
[6,16,17,45],  Our  recent  study  shows  that  ATF4  is  anti-apoptotic 
in  osteoblasts  [33].  To  determine  whether  ATF4  plays  a  role  in 
PTH-mediated  anti-apoptosis,  sections  of  tibiae  were  stained  with 
TUNEL  and  apoptotic  cells  were  assessed.  As  shown  in  Fig.  4K 
and  L,  ATF4  deficiency  significantly  increased  the  basal  levels  of 
apoptosis.  As  expected,  PTH  dramatically  reduced  apoptotic 
death  of  tibial  trabecular  osteoblasts/osteocytes  by  48  percent, 
which  is  consistent  with  results  from  previous  studies  [6,16,17,45]. 
Importantly,  the  PTH-stimulated  decrease  in  apoptotic  death  was 
completely  abolished  in  A0~/_  trabeculae  (Fig.  4M-0).  ATF4 
was  similarly  required  for  PTH  to  inhibit  apoptosis  in  cortical 
osteocytes  of  tibiae  (Fig.  4P).  Collectively,  ATF4  is  essential  for 
PTH-mediated  inhibition  of  apoptosis  in  osteoblasts/ osteocytes  in 
vivo. 

PTH-induced  increase  in  expression  of  osteoblast 
differentiation  marker  genes  is  dramatically  reduced  or 
completely  abolished  in  Atf4~/_  animals 

We  next  determined  the  effects  of  ATF4  deficiency  on  PTH 
induction  of  osteoblast  differentiation  markers  in  vivo.  Total  RNA 
was  isolated  from  tibiae  of  wt  and  Atf4_/^  mice  treated  with  and 
without  PTH  for  28  d  and  expression  levels  of  osteoblast 
differentiation  marker  genes  were  measured  by  quantitative  real¬ 
time  PCR  analysis.  As  shown  in  Fig.  5A,  PTH  dramatically 
elevated  the  expression  of  genes  known  to  be  associated  with 
osteoblast  differentiation  including  osteocalcin  ( Ocn )  (2.2-fold),  bone 
sialoprotein  ( Bsp )  (4.2-fold),  alkaline  phosphatase  {Alp)  (3.2-fold),  oil (I) 
collagen  {Coll (I))(A. 7-fold),  osteopontin  {Opn)  (4.6-fold),  and  osterix  ( Osx ) 


(4.1-fold).  Importantly,  this  PTH  regulation  was  either  dramati¬ 
cally  reduced  or  completely  abolished  in  Atf4  '  tibiae.  ATF4 
deficiency  also  reduced  basal  Ocn  and  Osx  mRNA  levels. 
Consistent  with  our  previous  report  [34],  PTH  increased  Atf4 
mRNA  2.2-fold  in  wt  tibiae,  while  Atf4  was  undetectable  in 
Atf4  7  animals.  In  contrast,  c-Fos  and  c-Jun,  both  early  PTH- 
induced  genes,  were  not  induced  by  PTH  in  either  wt  or  Atf4  7 
tibiae.  As  shown  in  Fig.  5B,  the  levels  of  IGF- 1  and  FGF-2  which 
have  both  been  implicated  in  the  anabolic  actions  of  PTH  in  bone 
[7,8]  were  markedly  reduced  in  plasma  from  mice 

compared  to  wt  mice  (P<0.05,  wt  vs.  Atf4  7  ).  However,  their 
levels  were  not  significantly  elevated  by  the  treatment  of 
intermittent  PTH  in  both  wt  or  Atf4~f~  animals  (P>0.05,  veh 
vs.  PTH). 

Intermittent  PTH  increases  in  vivo  Osx  expression  in 
osteoblasts  through  a  pathway  requiring  ATF4 

Our  above  results  demonstrate  that  ATF4  is  essential  for  the 
major  anabolic  actions  of  PTH  on  bone  and  is  also  required  for 
PTH-dependent  induction  of  osteoblast  differentiation.  To  begin 
to  address  the  mechanism  underlying  this  response,  we  measured 
the  expression  of  Osterix  (Osx)  and  Runx2  proteins,  two  critical 
transcription  factors  that  regulate  osteoblast  differentiation. 
Initially,  we  used  immunohistochemistry  (IHC)  to  measure  Osx 
in  the  tibiae  and  calvariae  of  wt  and  Atf4  7  mice  with  or  without 
28  d  anabolic  PTH  treatment.  As  shown  in  Fig.  6,  in  wt-vehicle- 
treated  tibiae,  Osx-positive  osteoblasts  were  only  identified  in  the 
trabeculae  and  cortical  endosteum  close  to  the  growth  plate 
(Fig.  6A1,  Bl,  and  Dl)  and  were  almost  undetectable  in  the  same 
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Figure  3.  Effects  of  ATF4  deficiency  on  PTH  stimulation  in  adult  OVX  bone.  A,  three-dimensional  (3D)  reconstruction  from  |tCT  scan  of  distal 
femurs  of  adult  OVX  mice.  B,  sagittal  view  of  2D  distal  femur  at  1. 7-2.0  mm  from  the  chondro-osseous  junction.  C,  BV/TV,  Tb.  N,  Tb.Th,  Tb.Sp,  and 
Cort.Th.  D,  calcein  double  labeling  of  metaphyseal  trabecular  bone  (magnification,x200).  *P<0.05  (veh  vs.  PTH),  +  P<0.05  (wt-veh  vs.  /4h4~7~-veh), 
#P<0.05  (PTH/veh-wt  vs.  PTH/veh-AtfU7-). 
doi:10.1371/journal.pone.0007583.g003 


regions  close  to  the  marrow  (Fig.  6C 1),  indicating  that  cells  in  these 
areas  are  still  in  the  immature  (preosteoblast)  state.  In  contrast,  in 
the  wt-PTH  group,  Osx-positive  osteoblasts  were  identified  on  all 
surfaces  of  trabeculae  and  endosteum  throughout  the  tibia.  PTH 
increased  the  total  number  of  Osx-positive  cells  per  tibial  section 
by  3.2-fold  in  wt  mice  (Panel  2).  ATF4  deficiency  reduced  the 
numbers  of  Osx-positive  cells  by  50  percent  (Panel  3).  Strikingly, 
although  PTH  slightly  increased  bone  volume  in  A 1/4  7  bone 
(Fig.  1  and  2),  it  failed  to  elevate  the  numbers  of  Osx-positive  cells 
in  At/4~'~  tibiae.  Similar  results  were  obtained  in  calvariae 
(Fig.  6E).  The  IHC  staining  was  highly  specific  since  no  signal  was 
detected  in  the  non-immune  IgG  control  group  (Panel  5). 
Consistent  with  IHC  results,  as  shown  in  Fig.  61,  Western  blot 
analysis  using  protein  extracts  showed  that  PTH  dramatically 
elevated  the  level  of  Osx  protein  in  wt  tibiae.  In  contrast,  Osx  was 
not  detected  by  Western  blot  in  extracts  from  At/4~'~  animals 
(Fig.  61).  The  level  of  Runx2  protein  was  slightly  up-regulated  by 
PTH  in  the  wt  group,  but  not  in  Atf4~/~  group.  Unlike  Osx,  the 
basal  level  of  Runx2  was  not  reduced  by  ATF4  deficiency. 


PTH1R  protein,  the  major  receptor  for  PTH  and  PTHrP 
signaling  in  osteoblasts,  was  expressed  in  endosteal  osteoblasts  of 
tibiae  (Fig.  6F)  and  periosteal  osteoblasts  of  calvariae  and 
hypertrophic  chrodrocytes  in  the  growth  plate  area  (unpublished 
data).  The  signal  for  PTH1R  protein  was  weak  in  trabecular 
osteoblasts  that  actively  form  new  bone  (unpublished  data).  In 
contrast  to  results  from  a  previous  study  showing  that  PTH1R  is 
down-regulated  by  PTH  in  cultured  osteoblasts  [46]  ,  PTH1R  was 
slightly  increased  by  intermittent  PTH  treatment  in  vivo  as 
measured  by  IPIC  and  Western  blot  analysis.  Importantly,  ATF4 
deficiency  did  not  reduce  the  level  of  PTH1R  (Fig.  6F  and  I).  In 
addition,  primary  calvarial  osteoblasts  from  wt  and  A 1/4  7  mice 
displayed  an  identical  cAMP  accumulation  curve  in  response  to 
treatment  of  increasing  concentrations  of  PTH  in  vitro.  Taken 
together,  these  results  indicate  that  the  impaired  anabolic  response 
of  skeleton  to  PTH  observed  in  A/4~f~  animals  cannot  be 
explained  by  a  reduction  in  the  level  of  PTH  1 R  and/ or  cAMP 
production.  These  results  clearly  demonstrate  that:  i)  intermittent 
PTH  stimulates  the  expression  of  Osx  and,  to  a  lesser  extent, 
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Figure  4.  Effects  of  PTH  on  osteoblast  proliferation  and  survival  in  wt  and  Atf4_,_  bone.  A-J,  BrdU  staining,  sections  of  tibiae  (A  D)  and 
calvariae  (F-l)  were  stained  using  a  Zymed  BrdU  immunostaining  kit.  Proliferating  cells  were  stained  brown  (arrows)  and  non-proliferating  cells  were 
stained  blue.  Proliferating  cells  on  tibial  trabecular  surface  or  osteoid  (E)  or  calvarial  periosteal  surface  (J)  were  counted  and  normalized  to  total  cells 
from  the  same  area.  K-P,  TUNEL  staining,  sections  of  tibiae  were  stained  using  the  ApopTag  Peroxidase  In  Situ  Apoptosis  Detection  Kit.  Apoptotic 
osteoblasts  and  osteocytes  (arrows)  were  stained  brown  and  non-apoptotic  cells  were  stained  blue.  Apoptotic  osteoblasts  and  osteocytes  in  the 
trabecular  (0)  and  cortical  bone  (P)  of  tibiae  were  counted  and  normalized  to  total  osteoblasts  and  osteocytes  from  the  same  area.  *P<0.05  (veh  vs. 
PTH),  1  P<0.05  (wt-veh  vs.  A!f4-/~-veh),  #P<0.05  (PTH/veh-wt  vs.  PTH/veh-Aff4_/~). 
doi:1 0.1 371  /journal. pone.0007583.g004 


Runx2,  ii)  PTH  fails  to  stimulate  Osx/Runx2  expression  in  the 
absence  of  ATF4,  and  iii)  ATF4  is  also  required  for  basal  level  Osx 
expression. 

Identification  of  a  132-bp  ATF4-response  element  in 
proximal  Osx  promoter 

Osx  is  not  detected  in  Runx2~/~  mice  [35],  indicating  that 
Runx2  functions  upstream  of  this  factor  and  is  essential  for  Osx 
expression.  However,  the  results  described  above  showed  that 
ATF4  deficiency  dramatically  reduced  the  level  of  Osx  protein 
without  decreasing  Runx2,  suggesting  that  Runx2  is  not  sufficient 
for  the  maximal  expression  of  Osx  and  that  ATF4  has  an 
important  role  in  Osx  expression.  To  define  the  mechanism 
whereby  ATF4  regulates  Osx,  we  examined  the  effect  of  ATF4 
overexpression  on  Osx  expression  in  MC-4  preosteoblast  cells.  As 
shown  in  Fig.  7A,  ATF4  dose-dependendy  increased  levels  of  Osx 


protein  (top)  and  mRNA  (bottom).  We  next  examined  whether 
ATF4  up-regulates  Osx  by  increasing  gene  transcription  by  using 
a  — 1003/+68  mouse  Osx  promoter  (Fig.  7  B).  Using  COS-7  cells, 
which  lack  detectable  Runx2,  ATF4  had  comparable  activity  to 
Runx2  in  terms  of  its  ability  to  activate  promoter  activity  (approx. 
1.8-fold).  Together,  ATF4  and  Runx2  maximally  activated  the  Osx 
promoter  (3.2-fold  induction).  To  further  define  the  region  of  the 
Osx  promoter  necessary  for  ATF4  responsiveness,  several 
constructs  containing  various  deletion  mutants  of  the  mouse  Osx 
promoter  were  transiently  transfected  into  COS-7  cells  with  and 
without  an  ATF4  expression  plasmid.  Results  showed  that 
luciferase  activity  of  both  control  and  ATF4-transfected  groups 
decreased  with  progressively  larger  5'  deletions.  However,  ATF4 
stimulation  was  abrogated  when  a  132-bp  region  between  bp 
—  215  to  —83  was  deleted  (Fig.  7C).  A  putative  ATF4-binding 
sequence  (CTTCCTCA)  at  —201/— 194  bp  was  identified  in  this 
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Figure  5.  Effects  of  PTH  on  expression  of  osteoblast  marker 
genes  in  wt  and  ATF4  deficient  mice.  A,  quantitative  real-time  PCR, 
total  RNAs  were  isolated  from  tibiae  and  analyzed  by  quantitative  real¬ 
time  RT-PCR  using  specific  primers  for  Atf4,  Ocn,  Bsp,  Col  1(1),  ALP,  Opn, 
Pthrp,  c-Fos,  and  c-Jun  mRNAs,  which  were  normalized  to  Gapdh  mRNA. 
*P<0.05  (veh  vs.  PTH),  #P<0.05  (wt-veh  vs.  Atf4^/_-veh).  B,  plasma 
levels  of  IGF-1  and  FGF-2  from  mice  using  respective  ELISA  kits 
according  to  the  manufacturer's  instructions.  *P<0.05  (veh  vs.  PTH), 
tP<0.05  (wt-veh  vs.  Aff4_/“-veh),  #P<0.05  (PTH/veh-wt  vs.  PTH/ 
veh-Aff4-/~). 

doi:10.1371/journal.pone.0007583.g005 

region  by  using  a  TRANSFAC  retrieval  program.  Introduction  of 
a  3-bp  substitution  mutation  to  this  core  sequence  (from 
GTTCCTCA  to  CTTgtaCA)  completely  abolished  ATF4  activa¬ 
tion  (Fig.  7D).  As  shown  in  Fig.  7E,  a  DNA  oligo  probe  from  the 
Osx  promoter  that  contains  the  TTACATCA  core  sequence 
bound  to  a  factor(s)  in  nuclear  extracts  from  COS-7  cells 
transfected  with  an  ATF4  expression  vector.  Importantly,  this 
binding  (see  arrow)  was  dramatically  reduced  by  the  addition  of  a 
specific  antibody  against  ATF4  but  not  by  normal  control  IgG  or 
antibodies  against  cFos  (an  API  family  member)  or  ATF2. 

PTH  stimulation  of  Osx  gene  transcription  requires  an 
ATF4  response  element 

To  study  the  mechanism  whereby  PTH  regulates  Osx,  we  next 
evaluated  the  effect  of  PTH  on  mouse  — 1003/+68  Osx  promoter 
activity  in  MC-4  preosteoblast  cells.  As  illustrated  in  Fig.  7F,  PTH 
stimulated  promoter  activity  in  a  dose-dependent  manner  with  a 
detectable  response  seen  at  a  PTH  concentration  of  10  M 
(significance  at  P<0.01).  Measurable  activation  of  the  Osx 
promoter  was  observed  0.5  h  after  PTH  addition  with  maximal 
induction  occurring  between  4—6  h  (Fig.  7G).  PTH-stimulated 
Osx  protein  expression  was  entirely  blocked  by  PKA  inhibition 
(Fig.  7H).  The  132-bp  ATF4-responsive  element  identihed  above 
was  also  required  for  PTH  induction  of  promoter  (Fig.  71). 
Furthermore,  the  same  3-bp  substitution  mutation  that  abrogates 
ATF4  activation  dramatically  reduced  PTH-dependent  activation 
(Fig.  7J),  indicating  that  this  element  is  critical  for  the  actions  of 
PTH  on  this  promoter. 

ATF4  is  recruited  to  the  endogenous  Osx  promoter  in  a 
PTH-dependent  manner 

To  determine  whether  ATF4  is  associated  with  the  endogenous 
Osx  promoter  in  vivo,  we  performed  chromatin  immunoprecipi- 


tation  (ChIP)  assays  using  MC-4  cells  with  and  without  PTH 
treatment.  As  shown  in  Fig.  7K  and  L,  ATF4  specifically 
interacted  with  a  chromatin  fragment  of  the  proximal  Osx 
promoter  that  contains  the  ATF4-binding  site  identified  above. 
This  interaction  was  not  detected  in  primary  calvarial  osteoblasts 
from  Atf4  7  mice  (data  not  shown).  Furthermore,  this  interaction 
was  dramatically  stimulated  by  PTH  treatment.  Supporting  our 
previous  demonstration  that  the  OSE1  site  in  the  mOG2  promoter 
mediates  PTH  induction  of  the  gene  [31,34],  ATF4  also  bound  to 
an  ATF4-binding  site  (OSEl)-containing  chromatin  fragment  of 
the  proximal  mOG2  promoter  in  a  PTH-dependent  manner 
(primers  P3/P4).  In  contrast,  ATF4  antibody  failed  to  inununo- 
precipitate  a  3'  chromatin  fragment  in  the  transcribed  region  of 
the  mOG2  gene  that  contains  no  ATF4-binding  sites  (primers 
P5/P6). 

Discussion 

Our  goals  in  this  study  were:  1)  to  determine  whether  the  bone- 
related  transcription  factor  ATF4  plays  a  role  in  the  anabolic 
effects  of  PTH  in  bone,  and  2)  if  so,  to  define  the  relevant 
mechanisms.  Our  results  clearly  show  that  PTH-stimulated 
increases  in  osteoblast  proliferation,  volume  of  long  bones, 
vertebrae,  and  calvariae  as  well  as  decreases  in  apoptosis  are  all 
dramatically  reduced  or  completely  abolished  in  T(/¥-deficient 
mice.  Equally  importantly,  PTH-induced  bone  in  Atf4~'~  mice 
cannot  mature  due  to  a  severe  defect  in  osteoblast  differentiation 
as  manifested  by  a  defect  in  Osx  expression.  Therefore,  this  study 
establishes  a  critical  role  for  ATF4  in  the  anabolic  actions  of  PTH 
in  bone. 

In  agreement  with  results  from  previous  studies  [14,47],  we  find 
that  intermittent  PTH  dramatically  increases  trabecular  and 
cortical  bone  volume.  This  PTH  response  is  achieved  at  least  in 
part  by  stimulating  the  proliferation  of  osteoblasts  and  preosteo¬ 
blasts  and/or  by  inhibiting  apoptotic  death  of  osteoblasts  and 
osteocytes  in  vivo  [2,6,45,47].  Effects  of  PTH  on  osteoblast 
proliferation  and  survival  can  be  reproduced  in  cultured 
osteoblasts  [15,16,48].  Importantly,  this  study  demonstrates  that 
ATF4  plays  a  pivotal  role  in  PTH  stimulation  of  cell  proliferation 
in  osteoblasts  and  preosteoblasts  and  attenuation  of  apoptosis  in 
osteoblasts  and  osteocytes  in  vivo.  PTH  can  increase  osteoblast 
proliferation  at  least  in  part  through  ATF4-mediated  expression  of 
cyclin  D1  [33]  because  both  factors  are  up-regulated  by  PTH  in 
osteoblasts  [15,34],  The  mechanism  whereby  ATF4  blocks 
apoptosis  in  osteoblasts  remains  unknown.  ATF4  deficiency  also 
increases  apoptosis  in  lens  fiber  cells  in  a  p53-dependent  manner. 
The  embryonic  lens  in  double  homozygous  p53/Atf4~/~  mice 
does  not  undergo  apoptosis,  which  suggests  possible  involvement 
of  p53  in  this  process  [49,50]. 

Accumulating  evidence  supports  the  concept  that,  in  addition  to 
increasing  osteoblast  cell  number,  intermittent  PTH  also  stimu¬ 
lates  osteoblast  differentiation  [4,51-53],  In  agreement  with  these 
results,  the  present  study  clearly  demonstrates  that:  i)  PTH 
dramatically  increases  the  in  vivo  expression  of  osteoblast 
differentiation  marker  genes,  including  Ocn,  Bsp,  Alp,  Opn,  and 
Coll(I);  and  ii)  PTH  strikingly  elevates  the  numbers  of  Osx-positive 
osteoblasts  (i.e.,  mature  or  differentiating  osteoblasts)  and  level  of 
Osx  protein  as  demonstrated  by  both  IHC  and  Western  blot 
analysis.  Because  PTH  is  able  to  stimulate  the  expression  of  many 
osteoblast  differentiation  marker  genes  in  cultured  osteoblast-like 
cells  [12,30,31,54—57],  it  is  likely  that  intermittent  PTH  also 
activates  these  genes  in  vivo  via  a  similar  molecular  mechanism. 
Although  part  of  the  increased  osteoblast  activity  in  PTH-treated 
animals  is  likely  explained  by  a  PTH-dependent  increase  in 
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Figure  6.  PTH  fails  to  promote  osteoblast  maturation/differentiation  in  the  absence  of  ATF4.  A-E,  IHC  analysis  of  Osx  expression,  sections 
of  tibiae  (A-D)  and  calvariae  (E)  were  immunohistochemically  stained  using  a  specific  antibody  against  Osx  protein.  The  nuclei  of  Osx-positive  cells 
(i.e.,  osteoblasts)  were  stained  brown.  The  nuclei  of  preosteoblasts  and  other  cells  are  stained  blue.  The  total  numbers  of  Osx-positive  osteoblasts  per 
tibial  (G)  or  calvarial  (H)  section  were  counted  under  microscope.  F,  sections  of  tibiae  were  stained  using  an  antibody  against  PTH1R  protein.  I, 
Western  blot  analysis,  protein  extracts  were  isolated  from  tibiae  and  analyzed  for  Osx,  Runx2,  and  PTH1R  proteins.  *P<0.05  (veh  vs.  PTH),  ’  P<0.05 
(wt-veh  vs.  Atf4  -veh),  *P<0.05  (PTH/veh-wt  vs.  PTH/veh-Aff4_/_).  J,  cAMP  assay,  primary  calvarial  osteoblasts  from  3-d-old  wt  or  Af/4_/"  mice 
were  isolated,  seeded  at  density  of  5  x  1 04  on  96-well  plate,  and  treated  with  vehicle  or  increasing  concentrations  of  human  recombinant  PTH(1  -34) 
for  5  min  followed  by  measurement  of  cAMP. 
doi:1 0.1 371/journal.pone.0007583.g006 
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Figure  7.  PTH  activates  Osx  gene  transcription  via  an  ATF4-responsive  element  in  the  proximal  Osx  promoter.  A,  MC-4  cells  were 
electroporated  with  indicated  amount  of  ATF4  expression  plasmid  followed  by  Western  blot.  B,  COS-7  cells  were  transfected  with  p1060mOsx-luc, 
pRL-SV40,  and  indicated  expression  vectors  followed  by  dual  lucferase  assays.  C,  COS-7  cells  were  transfected  with  various  deletion  constructs  and 
pRL-SV40  with  and  without  ATF4  expression  plasmid.  D,  COS-7  cells  transfected  with  p215mOsx-luc  or  the  same  plasmid  containing  a  3-bp 
substitution  mutation  in  the  putative  ATF4-binding  site  and  pRL-SV40  with  and  without  ATF4  expression  plasmid.  E,  EMSA,  labeled  wild-type  DNA 
probe  was  incubated  with  2  gg  nuclear  extracts  from  COS-7  cells  transfected  with  pCMV/ATF4  plasmid  in  the  presence  of  normal  control  IgG  (lane  3), 
ATF4  antibody  (lane  4),  cFos  antibody  (lane  5),  and  ATF2  antibody  (lane  6).  Experiments  were  repeated  3-4  times  and  qualitatively  identical  results 
were  obtained.  F  and  G,  MC-4  cells  transfected  with  p1003mOsx-luc  and  pRL-SV40  were  treated  with  indicated  concentration  of  PTH  for  6  h  (F)  or 
with  10~7  M  PTH  for  indicated  times  (G).  H,  MC-4  cells  were  treated  with  and  without  10~7  M  PTH  in  the  presence  and  absence  of  10  pM  of  H89  for 
6  h.  I,  MC-4  cells  transfected  as  in  Fig.  7C  were  treated  with  and  without  10~7  M  PTH  for  6  h.  J,  MC-4  cells  transfected  as  in  Fig.  D  were  treated  with 
and  without  10  7  M  PTH  for  6  h.  K,  a  schematic  illustration  of  putative  ATF4  binding  sites  in  the  5'  flanking  regions  of  the  Osx  and  osteocalcin  gene 
promoters  and  osteocalcin  gene.  L,  ChIP  assay  of  the  Osx  promoter  in  MC-4  cells  treated  with  and  without  10~7  M  PTH  for  6  h.  *P<0.05  (P-gal  vs. 
ATF4,  Runx2,  and  ATF4  plus  Runx2,  or  veh  vs.  PTH),  ^PCO.OS  (ATF4  plus  Runx2  vs.  p-gal,  ATF4,  or  Runx2). 
doi:10.1371/journal.pone.0007583.g007 
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osteoblast  proliferation  and/ or  reduction  of  apoptosis,  our  studies 
suggest  that  PTH  also  increases  osteoblast  differentiation  by 
rapidly  up-regulating  Osx. 

Importantly,  experiments  from  the  current  study  show  that  effects  of 
PTH  on  osteoblast  differentiation  are  mediated  by  ATF4.  Although 
PTH  increased  osteoblast  proliferation  in  Atf4  7  animals  as 
evidenced  by  significant  increases  in  bone  volume  and  nuclear  BrdU 
labeling  (Figs.  1-3),  expression  of  osteoblast  marker  genes  and  numbers 
of  Osx-positive  osteoblasts  were  either  dramatically  reduced  or 
completely  abolished  in  Ajf4~  /_  animals.  Furthermore,  since  the  basal 
levels  of  osteoblast  differentiation  markers  are  either  slightly  reduced  or 
not  changed  at  all  in  Atf4  7  animals,  the  impaired  differentiation 
response  to  PTH  cannot  be  explained  by  a  nonspecific  blockage  in 
osteoblast  differentiation  associated  with  ATF4  deficiency.  Instead, 
ATF4  appears  to  have  a  unique  role  in  the  PTH-dependent 
component  of  osteoblast  differentiation. 

Further  support  for  the  concept  that  PTH  actions  are  mediated 
by  ATF4  comes  from  mechanistic  studies.  Specifically,  we  showed 
that  PTH  is  a  potent  inducer  of  Osx  expression  in  vivo  and  this 
response  is  completely  abolished  by  ATF4  deficiency.  Further¬ 
more,  PTH  directly  activated  Osx  gene  transcription  in  cultured 
osteoblast-like  cells,  a  response  that  required  an  ATF4  response 
element  located  between  —201  and  —194  bp  in  the  proximal 
mouse  Osx  promoter.  Introduction  of  a  3-bp  substitution  mutation 
into  this  ATF4-binding  site  essentially  eliminated  the  PTH 
response.  ChIP  assays  demonstrated  that  ATF4  binds  to  an 
endogenous  chromatin  fragment  near  the  putative  ATF4-binding 
site  in  the  proximal  Osx  promoter  in  MC-4  cells.  Of  particular 
significance,  ATF4  binding  to  the  Osx  promoter  is  dramatically 
enhanced  by  PTH.  Collectively,  these  studies  establish  a  unique 
role  for  ATF4  in  PTH-mediated  induction  of  Osx  and  osteoblast 
differentiation. 

Runx2  is  absolutely  required  for  Osx  expression,  osteoblast 
differentiation,  and  bone  formation  [35,58].  Nevertheless,  ATF4 
deficiency  dramatically  reduced  the  level  of  Osx  protein  without 
altering  Runx2,  suggesting  that  Runx2  is  not  sufficient  for 
maximal  Osx  expression.  ATF4  stimulated  Osx  gene  transcription 
in  COS-7  cells  that  lack  Runx2  protein  to  an  extent  similar  to  that 
seen  with  Runx2.  In  addition,  an  ATF4  response  element  was 
identified  in  the  proximal  region  of  the  mouse  Osx  promoter. 
These  results  demonstrate  that  both  ATF4  and  Runx2  are 
essential  for  the  maximal  expression  of  Osx  and  are  reminiscent  of 
our  previous  study  showing  cooperative  interactions  between  these 
two  factors  in  regulating  the  Ocn  gene  [59]. 

It  should  be  noted  that  ATF4  deficiency  did  not  completely 
block  the  anabolic  actions  of  PTH  since  this  hormone  increased 
bone  volume  in  both  growing  and  adult  OVX  bones  from  Atf4  7 
mice  (Figs.  1-3).  This  suggests  that  other  factors  must  be  involved 
for  the  PTH  response.  c-Fos  [3],  cAMP  response  element  binding 
protein  (CREB)  [16],  a  major  downstream  target  for  PTH/cAMP 
and  calcium  signals,  cAMP-response  element  modulator 
(CREM)[60],  and  Runx2  [16,23],  a  master  regulator  of  osteoblast 
differentiation  and  bone  formation,  have  all  been  shown  to 
mediate  components  of  the  PTH  anabolic  response.  Interestingly, 
these  factors  are  either  structurally  related  to  ATF4  (c-Fos  and 
CREM)  or  can  interact  with  this  factor  (Runx2  and  c-Fos)  [59,61- 
65] .  Most  recently,  low-density  lipoprotein-related  protein  6 
(LRP6)[66],  a  major  component  of  the  Wnt  signaling  pathway, 
has  been  implicated  in  the  anabolic  actions  of  PTH  in  bone.  It 
would  be  interesting  to  determine  whether  ATF4  mediates  the 
PTH  anabolic  response  via  interactions  with  these  factors  or 
signaling  pathways. 

PTH  signaling  may  regulate  ATF4  via  several  mechanisms. 
First,  PTH  up-regulates  Atf4  gene  expression  in  cultured 
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osteoblasts  as  demonstrated  by  our  recent  study  [34]  as  well  as 
in  vivo  (Fig.  5).  Second,  PTH  post-translationally  activates  ATF4 
via  PKA  [34],  a  major  route  for  PTH  signaling  in  osteoblasts. 
PKA  phosphorylation  of  ATF4  at  its  Ser254  residue  mediates  [1- 
adrenergic  induction  of  Rankl  mRNA  expression  in  osteoblasts 
[67].  ATF4  can  also  be  directly  phosphorylated  and  activated  by 
RSK2  [26],  a  growth  factor-regulated  serine-threonine  protein 
kinase  activated  by  the  Ras-Mitogen-Activated  Protein  Kinase 
(MAPK)  pathway.  This  phosphorylation  is  critical  for  ATF4 
activity  as  well  as  bone  formation  [26].  Because  PTH  signaling 
activates  Erk/MAPK  [48],  an  immediate  upstream  activator  of 
RSK2,  ATF4  can  be  activated  via  the  PTH-MAPK-RSK2 
signaling  pathway.  Lastly,  PTH  promotes  ATF4-Runx2  interac¬ 
tions  which  are  critical  for  osteoblast  function  and  bone  formation 
[59,61,63].  This  notion  is  supported  by  the  fact  that  PTH  up- 
regulates  both  factors  in  osteoblasts  [23,34], 

Based  on  findings  from  this  and  other  studies,  we  proposed  a 
working  model  for  ATF4  to  mediate  PTH  stimulation  of  osteoblast 
function  and  bone  formation  (Fig.  8).  Binding  of  PTH  to  its 
receptor,  PTH  1 R,  activates  PKA  and  probably  other  intracellular 
signaling  pathways,  leading  to  up-regulation/ activation  of  ATF4. 
ATF4  subsequently  increases  proliferation  of  osteoblasts  and/or 
preosteoblasts  via  modulation  of  cyclin  D 1  protein,  and  attenuates 
apoptotic  death  in  osteoblasts  and  osteocytes,  resulting  in  a 
significant  increase  in  the  numbers  of  osteoblasts  and/ or 
osteocytes.  At  the  same  time,  ATF4  together  with  Runx2 
maximally  activates  Osx  expression  and  increases  osteoblast 
differentiation.  The  resulting  increases  in  osteoblast  number  and 
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Figure  8.  Proposed  model  for  ATF4  mediation  of  PTH 
stimulation  of  bone  formation.  Binding  of  PTH  to  PTH1R  activates 
PKA  and  leads  to  up-regulation  of  ATF4.  ATF4  subsequently  increases 
proliferation  and  survival  of  osteoblasts.  At  the  same  time,  ATF4 
together  with  Runx2  maximally  activates  Osx  expression  and  increases 
osteoblast  differentiation.  These  increases  in  osteoblast  number  and 
differentiation  lead  to  massive  bone  formation.  Osx  also  negatively 
regulates  osteoblast  proliferation,  thus  preventing  excess  bone 
formation. 
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differentiation  lead  to  bone  formation.  Osx  also  negatively 
regulates  osteoblast  proliferation,  thus  preventing  excess  bone 
formation  [68]. 

Since  ATF4  is  known  to  regulate  the  expression  of  RANKL  in 
osteoblasts  and  thereby  osteoclast  differentiation  [67,69],  it  will  be 
interesting  to  determine  if  ATF4  is  also  required  for  the  catabolic 
actions  of  PTFI  in  bone. 

In  summary,  this  study  establishes  a  critical  role  for  ATF4  in  the 
anabolic  actions  of  PTH  in  bone.  ATF4  is  necessary  for  PTH  to 
increase  both  osteoblast  numbers  and  differentiation.  Therefore, 
ATF4  may  provide  a  potential  new  therapeutic  target  for 
improving  bone  mass  and  for  treating  metabolic  bone  diseases 
such  as  osteoporosis. 

Materials  and  Methods 

Reagents 

Tissue  culture  media  and  fetal  bovine  serum  were  obtained 
front  HyClone  (Logan,  UT).  H89,  DMSO,  PTH1R  antibody, 
mouse  monoclonal  antibody  against  fl-actin  were  purchased  from 
Sigma  (St  Louis,  MO).  Other  reagents  were  obtained  from  the 
following  sources:  antibodies  against  ATF4  (for  Western  blot), 
Runx2,  normal  control  IgGs  and  horseradish  peroxidase-conju¬ 
gated  mouse  or  goat  IgG  from  Santa  Cruz  (Santa  Cruz,  CA),  and 
Osterix  antibody  from  Abeam  Inc.  (Cambridge,  MA).  ATF4 
antibody  used  for  EMSA  was  raised  against  epitope  QETN- 
KEPPQTVNPIGHLPESLIK  (St  Louis,  MO).  All  other  chemicals 
were  of  analytical  grade. 

Atf4-deficient  mice 

Breeding  pairs  of  Atf4  heterozygous  mice  were  described 
previously  [34]  and  used  to  generate  Atf4  wild-type  (wt)  {Atf4¥/+), 
heterozygous  (Atf4^/  )  and  homozygous  mutant  (. Atf4  '  )  mice  for 
this  study.  All  research  protocols  were  approved  by  die 
Institutional  Animal  Care  and  Use  Committee  of  the  VA 
Pittsburgh  Healthcare  System,  where  this  study  was  conducted. 

In  vivo  PTH  administration 

For  the  “growing  mouse  model”,  five-day-old  mice  were  given 
daily  subcutaneous  injections  of  vehicle  (saline)  or  hPTH(l-34) 
(60  ng/g  body  weight,  Bachem,  Torrance,  CA)  for  28  d.  For  the 
“adult  OVX  mouse  model”,  four-month-old  female  mice  were 
anesthetized  and  ovariectomized  as  follows:  A  1-cm  midline 
incision  was  made  through  the  skin.  The  “white  line”  will  be 
visualized  on  the  peritoneum  and  a  second  incision  was  made 
along  the  white  line  through  the  peritoneum.  Using  long,  straight 
forceps,  the  left  ovary  was  isolated  and  the  connective  tissue 
between  the  ovary  and  kidney  was  dissected  away.  Straight  forceps 
with  flat  ends  was  used  to  pinch  the  uterine  horn  while  another  set 
of  straight  forceps  was  used  to  tear  the  ovary  away  from  the 
uterine  horn.  The  same  was  done  on  the  right  ovary.  6-0  PDS 
(Polydioxanone  Sutures,  6/0)  was  used  to  tie  around  the  uterine 
horn  to  provide  hemostasis  if  necessary.  6-0  PDS  was  used  to  close 
the  innermost  layer.  Sterile  surgical  staples  were  used  to  close  the 
incision.  Two  months  later  mice  were  given  daily  subcutaneous 
injections  of  vehicle  or  hPTH(l-34)  (100  ng/g  body  weight)  for 
28  d.  Mice  were  euthanized  24  h  after  last  PTH  injection.  The 
effects  of  these  PTH  dosing  regimens  on  bone  were  determined  by 
both  biochemical  and  histomorphometric  criteria. 

Gross  evaluation  and  serum  biochemistry 

Body  weight  was  recorded  every  another  day.  The  length  of  the 
femurs  was  measured  using  an  electronic  digital  caliper.  Faxitron 
X-ray  analysis  of  femurs  was  conducted  at  27  kv  and  7.5  seconds 


(Faxitron  X-Ray  Corp.,  Wheeling,  IL).  Femurs  were  ashed  at 
800°C  for  4  h  and  weighed.  Serum  calcium  and  Pi  concentrations 
were  determined  using  kits  from  Pointe  Scientific,  Inc  (Canton, 
MI)  following  the  manufacture's  instructions  (Sigma  Diagnostics). 

Bone  morphometric  analyses  by  micro-computerized 
tomography  (pCT) 

Upon  termination  of  PTH  or  vehicle  treatment,  mice  were 
sacrificed  and  femurs  were  isolated.  Fixed  non-demineralized 
femurs  were  used  for  pCT  analysis  at  the  Center  for  Bone  Biology 
using  a  VIVACT40  (SCANCO  Medical  AG)  following  the 
standards  of  techniques  and  terminology  recommended  by 
American  Society  for  Bone  and  Mineral  Research  [70].  For 
trabecular  bone  parameters,  transverse  CT  slices  were  obtained  in 
the  region  of  interest  in  the  axial  direction  from  the  trabecular 
bone  0.1  mm  below  die  growth  plate  (bottom  of  the  primary 
spongiosa)  to  the  mid-femur.  Contours  were  defined  and  drawn 
close  to  the  cortical  bone.  The  trabecular  bone  was  then  removed 
and  analyzed  separately.  3D  analysis  was  then  performed  on 
trabecular  bones  slices.  A  3-irnn  section  was  used  to  obtain  mid- 
femoral  cortical  bone  thickness.  The  analysis  of  the  specimens 
involves  the  following  bone  measurements:  bone  volume  fraction 
(BV/TV,  %),  trabecular  number  (Tb.  N),  trabecular  thickness  (Tb. 
Th),  trabecular  spacing  (Tb.  Sp),  and  cortical  thickness  (Cort.Th). 

Histological  evaluation 

Tibiae,  lumbar  vertebrae  (L5),  and  calvariae  were  fixed  in  PBS 
buffered  10%  formalin  at  4°C  for  24  h,  decalcified  in  10%  EDTA 
(pH  7.4)  for  10-14  d,  and  embedded  in  paraffin.  Longitudinal 
sections  of  tibiae  and  vertebrae  were  cut  at  4  pm  and  stained  with 
hematoxylin  and  eosin  (H&E).  Trabecular  area  of  tibial  sections 
was  measured  in  the  proximal  metaphysis  beginning  immediately 
below  the  chondro-osseous  junction  to  the  mid-tibia.  Calvariae 
were  bisected  perpendicular  to  the  sagittal  suture  through  the 
central  portion  of  the  parietal  bones,  parallel  to  lamboidal  and 
coronal  sutures,  and  embedded  in  paraffin  to  obtain  sections  of  a 
standard  area  according  to  the  method  described  by  Zhao  et  al. 
[71].  Trabecular  area  versus  total  bone  area  was  measured  using 
an  Image  Pro  Plus  6.2  software  (Media  Cybernetics,  Inc,  Bethesda, 
MD).  The  calvarial  width  was  the  average  value  from  20  random 
measurements  of  each  calvaria  (at  least  6  samples  per  group)  using 
a  SPOT  Advanced  imaging  software  (provided  with  the  purchase 
of  the  Olympus  BX41  microscope). 

Measurement  of  mineral  apposition  rate  (MAR) 

Mice  were  injected  with  calcein  subcutaneously  (20  mg/kg)  at  6 
and  2  d  before  sacrifice.  Undecalcified  tibia  were  fixed  in  70% 
ethanol,  embedded  in  methylmethacrylate  and  sectioned  at 
10  pm.  Calcein  labeling  was  visualized  using  a  Nikon  E800 
fluorescence  microscope.  The  metaphyseal  trabecular  bone 
projected  into  the  marrow  space  was  evaluated  and  the  distance 
between  the  all  double-labeled  areas  was  measured  at  a 
magnification  of  200x.  MAR  was  calculated  as  mean  distance 
between  the  double  labels  divided  by  the  number  of  the  days 
between  the  calcein  injections.  Histomorphometric  analysis  was 
performed  using  BioQuant  image  analysis  software  (R&M  Bio 
Metrics,  Nashville,  TN,  USA). 

In  vivo  proliferation  assay 

Mice  were  injected  intraperitoneally  with  100  pg  bromodeoxy- 
uridine  (BrdU)/12  pg  fluorodeoxyuridine  (FdU)  per  gram  of  body 
weight  12  h  before  sacrifice.  After  sacrifice,  sections  of  tibiae  and 
calvariae  were  obtained.  To  identify  actively  proliferating  cells, 
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nuclei  that  have  incorporated  BrdU  were  detected  using  a  Zymed 
BrdU  immunostaining  kit  according  to  the  manufacturer’s 
instruction  (Invitrogen,  Carlsbad,  CA).  BrdU-positive  cells  (brown) 
on  the  calvarial  periosteal  surface  or  in  the  osteoid  of  tibiae  were 
counted  and  normalized  to  the  total  numbers  in  the  same  area 
[33].  BrdU-positive  hematopoietic  cells  in  marrow  were  not 
counted. 

In  situ  apoptosis  detection 

This  assay  is  based  on  the  classical  TUNEL  assay  to  examine 
apoptosis  by  detecting  DNA  fragmentation.  4-pm  sections  of  tibiae 
were  prepared  and  stained  using  the  ApopTag  Peroxidase  In  Situ 
Apoptosis  Detection  Kit  according  to  the  manufacturer’s  instruc¬ 
tion  (Millipore,  Billerica,  MA).  Apoptotic  osteoblasts  and  osteo- 
cytes  in  tibiae  were  counted  and  normalized  to  the  total  cells  from 
the  same  area. 

Immunohistochemistry  (IHC) 

Tibiae  and  calvariae  were  fixed,  decalcified,  and  embedded  in 
paraffin.  Sections  of  tibiae  and  calvariae  were  stained  with 
antibodies  against  Osx  (Abeam  Inc,  Cambridge,  MA)  and  PTH1R 
(Sigma,  St.  Louis,  MO)  using  the  EnVision+System-HRP  (DAB) 
kit  (Dako  North  America,  Inc,  Carpinteria,  CA)  according  to  the 
manufacturer’s  instructions.  Briefly,  slides  were  baked  at  55°C  for 
45  min,  deparaffinized  in  three  washes  of  xylene,  and  rehydrated 
in  a  decreasing  ethanol  gradient.  Antigen  retrieval  was  performed 
using  0.1%  trypsin  for  10  min  at  37°C  in  a  humidified  chamber. 
Endogenous  peroxidases  were  deactivated  with  3%  H202  in  lx 
PBS  for  10  min,  and  sections  were  blocked  in  blocking  solution  for 
30  min  at  room  temperature.  Sections  were  incubated  with 
primary  antibody  (1:200  dilution  for  both  osterix  and  PTH1R) 
in  blocking  solution  for  2  hours  at  4°C.  Sections  were  washed  in 
PBS  three  times  and  incubated  with  a  donkey-anti-rabbit  IgG- 
HRP  secondary  antibody  solution  for  30  min  at  room  tempera¬ 
ture.  After  washing  with  PBS  three  times,  HRP  activity  was 
detected  using  a  DAB  substrate  solution  for  5  min  at  room 
temperature.  Sections  were  counter-stained  with  a  Mayer’s 
hematoxylin  solution. 

Measurement  of  plasma  levels  of  IGF-1  and  FGF-2  by 
ELISA 

Blood  plasma  samples  were  prepared  from  whole-blood  samples 
from  mice  of  each  group  and  plasma  levels  of  IGF-1  and  FGF-2 
were  measured  by  using  ELISA  kits  (human  FGF  basic  Quantikine 
ELISA  Kit,  cat^f:  DFB50,  and  mouse  IGF-I  Quantikine  ELISA 
Kit,  cat^:  MG100,  both  from  R&D  Systems  Inc,  Minnepolis,  MN 
55413)  according  to  the  manufacturer’s  instructions. 

cAMP  assay 

Primary  osteoblasts  from  calvariae  of  3-d-old  wt  or  Atf4~'~ 
mice  were  isolated  as  described  previously  [72].  Cells  were  seeded 
at  a  desity  of  5  x  104/well  on  96-well  plate  and  treated  with  vehicle 
or  increasing  concentrations  of  human  recombinant  PTH(l-34) 
for  5  min.  Cells  were  then  lysed  with  lysis  reagent  IB  and  cell 
lysates  used  for  cAMP  assay  using  a  cAMP  Biotrak  Enzymeim- 
munoassay  (EIA)  kit  (cat  RPN225,  GE  Healthcare  Biosciences 
Corp,  Piscataway,  NJ)  according  to  the  manufacturer’s  instruc¬ 
tions  and  the  protein  concentrations  were  measured  using  a  BCA 
protein  assay  kit  (Pierce).  cAMP  was  normalized  to  total  protein. 

Quantitative  real-time  RT/PCR  and  Western  blot  analysis 

RNA  isolation,  reverse  transcription  (RT),  regular  PCR,  and 
quantitative  real-time  PCR  analysis  were  performed  as  previously 


described  [34],  The  DNA  sequences  of  mouse  primers  used  for 
real-time  PCR  were  summarized  in  Table  1.  Western  blot  analysis 
was  performed  as  previously  described  [33].  RNAs  or  protein 
extracts  from  at  least  six  specimens  in  each  group  were  used. 

DNA  constructs  and  site-directed  mutagenesis, 
transfection 

pCMV/p-gal,  pCMV/ATF4,  and  pCMV/Runx2  were  previ¬ 
ously  described  [62].  mOsx-luc  containing  different  mouse  Osx 
promoter  elements  (— 1003/+68,  — 567/+68,  — 215/+68,  and 
—  83/+68)  driving  a  firefly  luciferase  reporter  gene  were 
constructed  in  the  project  laboratory  by  PCR  subcloning  promoter 
fragments  using  mouse  tail  DNA  as  a  template  into  pGL3-luc 
vector  (Promega,  Madison,  WI).  Mutant  p215mOsx-luc  which 
contains  a  3-bp  substitution  mutation  in  a  putative  ATF4-binding 
at  positions  —198,  —197  and  —196  (from  CTTCCTCA  to 
CTTgtaCA)  was  generated  from  the  wild-type  p215mOsx-luc  by 
PCR  amplification  using  a  QuickChange1  M  XL  Site-Directed 
Mutagenesis  Kit  (Stratagene,  La  Jolla,  CA)  using  the  following 
primers:  5'-GGT  ACC  CCT  CCC  TCT  CTC  GCC  TTg  taC 
ATT  GGA  TCC  GGA  GTC  TTC  TCC  GC-3'  (forward);  5'- 
GCG  GAG  AAG  ACT  CCG  GAT  CCA  ATG  tac  AAG  GCG 
AGA  GAG  GGA  GGC  GGT  ACC-3'  (reverse).  Sequence 
accuracy  was  confirmed  by  automatic  DNA  sequencing.  For  all 
transfection  experiments,  the  amount  of  plasmid  DNAs  (reporter 
plasmid,  0.25  |tg;  normalization  plasmid  pRL-SV4,  10  ng;  and 
expression  plasmid,  1.0  pig)  was  balanced  as  necessary  with  P- 
galactosidase  expression  plasmid  such  that  the  total  DNA  was 
constant  in  each  group.  Experiments  were  performed  in  triplicates 
and  repeated  3-4  times. 

Nuclear  extracts  preparation  and  electrophoretic 
mobility  shift  assay  (EMSA) 

Nuclear  extracts  were  prepared  from  COS-7  cells  transfected 
with  pCMV/ATF4  plasmids  as  previously  described  [73].  The 
DNA  sequences  of  the  oligonucleotides  used  for  EMSA  were  as 
follows:  GAT  CCC  TGC  CTC  CCT  CTC  TCG  CCT  TCC 
TCA  TTG  GAT  CCG  GAG  TCT  TCG.  DNA  oligonucleotide 
was  labeled  using  a  Biotin  3'  end  DNA  Labeling  Kit  (cat 
89818,  Pierce  Biotechnology  Inc.,  Rockford,  IL).  Two  pg  of 
nuclear  extracts  and  20  fmol  biotin-labeled  DNA  probe  were 
incubated  in  lx  binding  buffer  for  30  min  at  room  temperature. 


Table  1.  real-time  PCR  primers. 


Gene 

name 

5'  primer 

3'  primer 

Alp 

TCCCACGTTTTCACATTCGG 

CCCGTTACCATATAGGATGGCC 

Atf4 

GAGCTTCCTGAACAGCGAAGTG 

TGGCCACCTCCAGATAGTCATC 

Bsp 

AAGAGGAAGAAAATGAGAACGA 

GCTTCTT  CT  CCGTT  GTCTCC 

cFos 

AAT  GGT  G  A  AG  ACCGT  GT  CAGG  A 

CCCTTCGGATTCTCCGTTTCT 

cJun 

GCCAACATGCTCAGGG  AAC  AGGT G 

GCCCCTC AGCCCTG AC AGTCTG 

Col  1(1) 

AGATTGAGAACATCCGCAGCC 

TCCAGTACTCTCCGCTCTTCCA 

Gapdh 

CAGTGCCAGCCTCGTCCCGTAGA 

CT GCAAAT GGCAGCCCT GGT G  AC 

Ocn 

TAGTGAACAGACTCCGGCGCTA 

TGTAGGCGGTCTTC  A  AGCCAT 

Opn 

CCA AT G A A AGCCAT G ACCAC A 

CGTCAGATTCATCCGAGTCCAC 

Osx 

AGAGGTTCACTCGCTCTGACGA 

TTGCTCAAGTGGTCGCTTCTG 

Pthlr 

GATGCGGACGATGTCTTTACC 

GGCGGT  C  A  A  AT  ACCT  CC 

doi:1 0.1 371/journal. pone.0007583.t001 
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Table  2.  PCR  primers  used  in  ChIP  assay. 


Oligo  name 

Sequence 

PI 

CCCTCCCAGATCCCTTCTTT 

P2 

GGCTGCTCTCTGTCTGTAGGG 

P3 

CACAGCATCCTTTGGGTTTGAC 

P4 

TATCGGCT  ACT  CT  GT  GCTCTCTG  A 

P5 

TAGTGAACAGACTCCGGCGCTA 

P6 

TGTAGGCGGTCTTCA  AGCCAT 

doi:1 0.1 371/journal. pone.0007583.t002 


For  supershift  assay,  1  pg  of  IgG  or  indicated  antibodies  were  first 
incubated  with  nuclear  extracts  prior  to  addition  of  DNA  probe. 
Protein-DNA  complexes  were  separated  on  4%  polyacrylamide 
gels  in  lx  TBE  buffer,  and  transferred  onto  Biodyne  B  Nylon 
Membrane  (cat  77016,  Pierce).  The  membrane  was  blocked  in 
lx  blocking  buffer,  washed  five  times  with  lx  wash  buffer,  and 
visualized  by  a  Chemiluminescent  Nucleic  Acid  detection  Module 
(cat  =ff=:  89880,  Pierce,  Rockford,  IL). 

Chromatin  immunoprecipitation  (ChIP) 

ChIP  assays  were  performed  using  ATF4  antibody  or  control 
IgG  as  described  previously  [62].  PCR  primer  pairs  (Table  2)  were 
generated  to  detect  DNA  segments  located  near  a  putative  ATF4- 
binding  site  (CTTCCTCAT)  at  —201/— 193  (primers  PI  and  P2) 
determined  by  the  TRANSFAC  retrieval  program  in  the  5' 
flanking  region  of  the  Osx  promoter,  a  previously  identified  ATF4- 
binding  site  (OSE1)  in  osteocalcin  gene  2  (mOG2)  promoter  (primers 
3  and  4),  and  a  mOG2  gene  region  (+177/+31 1)  that  contains  no 
ATF4-binding  sites  (primers  P5  and  P6)  [62] .  PCR  products  were 
run  on  3%  agarose  gel  and  stained  with  ethidium  bromide. 
Purified  input  chromatin  was  used  to  perform  parallel  PCRs  with 
the  respective  primer  pahs. 

Statistical  analysis 

Data  was  analyzed  with  a  GraphPad  Prism  software  (4.0).  A 
one-way  ANOVA  analysis  was  used  followed  by  the  Tukey  test. 
Students’  t  test  was  used  to  test  for  differences  between  two  groups 
of  data  as  needed.  Data  of  Figs.  1,  2,  4,  and  5  and  SI -2  were  from 

References 

1.  Neer  RM,  Arnaud  CD,  ZanchettaJR,  Prince  R,  Gaich  GA,  et  al.  (2001)  Effect 
of  parathyroid  hormone  (1-34)  on  fractures  and  bone  mineral  density  in 
postmenopausal  women  with  osteoporosis.  N  Engl  J  Med  344:  1434—1441. 

2.  Miao  D,  He  B,  Karaplis  AC,  Goltzman  D  (2002)  Parathyroid  hormone  is 
essential  for  normal  fetal  bone  formation.  J  Clin  Invest  109:  1 173—1 182. 

3.  Demiralp  B,  Chen  HL,  Koh  AJ,  Keller  ET,  McCauley  LK  (2002)  Anabolic 
actions  of  parathyroid  hormone  during  bone  growth  are  dependent  on  c-fos. 
Endocrinology  143:  4038—4047. 

4.  Iida-Klein  A,  Zhou  H,  Lu  SS,  Levine  LR,  Ducayen-Knowles  M,  et  al.  (2002) 
Anabolic  action  of  parathyroid  hormone  is  skeletal  site  specific  at  the  tissue  and 
cellular  levels  in  mice.  J  Bone  Miner  Res  17:  808—816. 

5.  Iida-Klein  A,  Lu  SS,  Kapadia  R,  Burkhart  M,  Moreno  A,  et  al.  (2005)  Short¬ 
term  continuous  infusion  of  human  parathyroid  hormone  1-34  fragment  is 
catabolic  with  decreased  trabecular  connectivity  density  accompanied  by 
hypercalcemia  in  C57BL/J6  mice.  J  Endocrinol  186:  549-557. 

6.  Jilka  RL,  Weinstein  RS,  Bellido  T,  Roberson  P,  Parfitt  AM,  et  al.  (1999) 
Increased  bone  formation  by  prevention  of  osteoblast  apoptosis  with  parathyroid 
hormone.  J  Clin  Invest  104:  439—446. 

7.  Miyakoshi  N,  Kasukawa  Y,  Linkhart  TA,  Baylink  DJ,  Mohan  S  (2001)  Evidence 
that  anabolic  effects  of  PTH  on  bone  require  IGF-I  in  growing  mice. 
Endocrinology  142:  4349-4356. 

8.  Hurley  MM,  Okada  Y,  Xiao  L,  Tanaka  Y,  Ito  M,  et  al.  (2006)  Impaired  bone 
anabolic  response  to  parathyroid  hormone  in  Fgf2— /  —  and  Fgf2+/—  mice. 
Biochem  Biophys  Res  Commun  341:  989-994. 


growing  mice  and  Figs.  3  and  S3  from  7-month-old  OVX  mice. 
For  H&E,  IHC,  BrdU,  and  TUNEL  studies,  two  to  three  sections 
per  specimen  and  at  least  six  specimens  in  each  group  were  used. 
Results  were  expressed  as  means  ±  standard  deviation  (SD). 
Differences  with  a  P<0.05  was  considered  as  statistically 
significant. 

Supporting  Information 

Figure  SI  Effects  of  PTH  on  animal  growth,  length  and  ash 
weight  of  femurs,  and  serum  Pi  and  calcium  concentrations  and 
alkaline  activity  in  wt  and  Atf4— /—  mice.  A,  growth  curve,  B, 
length  of  femur,  C,  dry  ash  weight  of  femur,  D,  serum  Pi,  E,  serum 
calcium.  *P<0.05  (veh  vs.  PTH),  +  P<0.05  (wt-veh  vs.  Atf4-/~ 
veh). 

Found  at:  doi:10.1371/journal.pone. 0007583. sOOl  (1.78  MB 
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Figure  S2  Faxitron  X-ray  analysis  of  femurs  from  vehicle  and 
PTH-treated  growing  wt,  Atf4+/  — ,  and  Atf4-/—  mice.  Faxitron 
X-ray  analysis  was  conducted  at  27  kv  and  7.5  seconds. 
Representative  microradiographic  images  of  femurs  are  shown. 
Found  at:  doi:10.1371/journal.pone.0007583.s002  (1.45  MB  TIF) 

Figure  S3  Effects  of  OVX  surgery  on  bone  parameters  in  wt 
and  Atf4— /—  mice.  Four-month-old  female  mice  were  first 
ovariectomized.  After  two  months,  femurs  were  isolated  for  |lCT 
analysis.  *P<0.05  (sham  vs.  OVX),  t  P<0.05  (sham(+/+)  vs.  sham 
(-/-))• 

Found  at:  doi:  10.1 37 1/journal.pone. 0007583. s003  (0.16  MB 
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Activating  transcription  factor  4  (ATF4)  is  a  critical  transcription  factor  for  osteoblast  (OBL)  function  and  bone 
formation;  however,  a  direct  role  in  osteoclasts  (OCLs)  has  not  been  established.  Here,  we  targeted  expression  of 
ATF4  to  the  OCL  lineage  using  the  Trap  promoter  or  through  deletion  of  Atf4  in  mice.  OCL  differentiation  was 
drastically  decreased  in  Atf4~/~  bone  marrow  monocyte  (BMM)  cultures  and  bones.  Coculture  of  Atf4~/~  BMMs 
with  WT  OBLs  or  a  high  concentration  of  RANKL  failed  to  restore  the  OCL  differentiation  defect.  Conversely, 
Trap-Atf4-tg  mice  displayed  severe  osteopenia  with  dramatically  increased  osteoclastogenesis  and  bone  resorp¬ 
tion.  We  further  showed  that  ATF4  was  an  upstream  activator  of  the  critical  transcription  factor  Nfatcl  and  was 
critical  for  RANKL  activation  of  multiple  MAPK  pathways  in  OCL  progenitors.  Furthermore,  ATF4  was  crucial 
for  M-CSF  induction  of  RANK  expression  on  BMMs,  and  lack  of  ATF4  caused  a  shift  in  OCL  precursors  to 
macrophages.  Finally,  ATF4  was  largely  modulated  by  M-CSF  signaling  and  the  PI3K/AKT  pathways  in  BMMs. 
These  results  demonstrate  that  ATF4  plays  a  direct  role  in  regulating  OCL  differentiation  and  suggest  that  it 
may  be  a  therapeutic  target  for  treating  bone  diseases  associated  with  increased  OCL  activity. 


Introduction 

Skeletal  integrity  requires  a  delicate  balance  between  bone-form¬ 
ing  osteoblasts  (OBLs)  and  bone-resorbing  osteoclasts  (OCLs). 
Abnormal  osteoclastogenesis  results  in  bone  destruction,  such  as 
osteoporosis,  metastatic  osteolytic  lesions,  Paget  disease  of  bone, 
and  rheumatoid  arthritis.  In  contrast,  reduced  osteoclastogen¬ 
esis  causes  osteopetrosis,  a  disorder  characterized  by  significantly 
increased  skeletal  mass  and  lack  of  a  marrow  space.  Osteopetrosis 
is  usually  observed  in  animals  or  humans  in  which  genes  encod¬ 
ing  cytokines,  receptors,  and  signal  transduction  and  transcrip¬ 
tion  factors  critical  for  OCL  differentiation  —  such  as  RANKL; 
its  receptor,  RANK;  the  M-CSF  receptor  CSF1R  (also  known  as 
c-Fms);  TNF  receptor-associated  factor  6  (TRAF6);  Src;  PU.l, 
encoded  by  Spil\  p50/p52  NF-Kb  subunits;  c-Fos;  or  v-ATPase  Vo 
subunit  —  are  deleted  or  mutated  (1-10).  Defining  the  molecular 
mechanisms  underlying  osteoclastogenesis  is  essential  to  advance 
the  understanding  of  the  molecular  basis  for  the  pathogenesis  of 
bone  diseases  with  altered  OCL  activity.  This  knowledge  will  be 
important  for  the  prevention  and  treatment  of  these  diseases. 

OCLs  originate  from  cells  in  the  monocyte/macrophage  lin¬ 
eage  (11).  OCL  formation  and  maturation  are  tightly  regulated 
by  OBL/stromal  cell/hypertrophic  chondrocyte-derived  factors 
such  as  M-CSF,  RANKL,  and  osteoprotegerin  (OPG),  a  soluble 
decoy  receptor  that  blocks  RANKL  binding  to  RANK  and  thereby 
inhibits  OCL  differentiation  (12-15).  M-CSF  binds  to  its  receptor, 
CSF1R,  on  early  macrophage  lineage  cells  and  activates  the  Rank 
gene  to  generate  OCL  progenitors  (16).  The  PI3K/AKT  signaling 
pathways,  which  are  strongly  activated  by  M-CSF,  play  a  critical 
role  in  activating  OCL  differentiation  and  bone  resorption  in  nor- 
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mal  and  diseased  states  (17-24).  However,  little  is  known  about 
the  downstream  molecular  events  that  result  from  M-CSF-PI3K/ 
AKT  signaling  and  their  relationship  to  osteoclastogenesis. 

RANKL,  a  member  of  the  TNF  superfamily,  binds  to  RANK  on 
OCL  precursors  and  recruits  TRAF6,  resulting  in  the  activation 
of  multiple  signaling  pathways  including  IKK  complexes  (IKKa, 
IKK|3,  IKKy,  and  NIK-IKKa)  and  MAPKs  (Erkl/2,  p38,  and  JNK) 
(2,  3, 25),  which  leads  to  activation  of  critical  transcription  factors 
such  as  NF-kB  and  c-Fos.  RANKL  activation  of  NF-kB  and  c-Fos 
results  in  induction  of  initial  expression  of  the  key  transcription 
factor  NFATcl  (also  designated  as  NFAT2  or  NFATc),  which  is 
activated  by  the  Ca2+/calmodulin-regulated  phosphatase  calcineu- 
rin  (3,  26-29).  Eventually,  calcium  signaling  occurs  and  activates 
the  existing  NFATc  1,  which  triggers  NFATc  1  autoamplification  (3, 
30)  required  for  further  OCL  differentiation.  Inactivation  of  the 
Nfatcl  gene  in  vivo  is  embryonic  lethal  due  to  a  heart  valve  defect 
(31,  32).  However,  the  lack  of  rescue  of  osteopetrosis  in  OCL-defi- 
cient  c-Fos~/~  mice  by  adoptive  transfer  of  Nfatcl (as  opposed  to 
Nfatcl*/-)  hematopoietic  stem  cells  provided  evidence  that  NFATcl 
is  essential  for  osteoclastogenesis  in  vivo  (33).  Accordingly,  trans¬ 
genic  overexpression  of  a  constitutively  active  form  of  NFATcl 
(caNFATcl)  results  in  a  skeletal  phenotype  of  osteopenia  associ¬ 
ated  with  increased  osteoclastogenesis  and  bone  resorption  (34). 
Importantly,  overexpression  of  NFATcl  activates  osteoclastogen¬ 
esis  in  the  absence  of  RANKL  (29,  35,  36).  In  addition,  ectopic 
NFATcl  can  restore  osteoclastogenesis  in  both  the  p50/p52  double 
knockout  (37)  and  the  c-Fos  knockout  mouse  (38).  These  results 
suggest  that  the  major  OCL  differentiation  signals  converge  on 
NFATcl.  However,  the  molecular  mechanisms  that  control  the 
expression  of  this  key  factor  are  not  completely  understood. 

Critical  roles  for  ATF4  in  OBLs  and  bone  formation  are  well 
established.  ATF4  favors  bone  formation  by  promoting  OBL-spe- 
cific  gene  expression,  amino  acid  import  and  the  synthesis  of  type  I 
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Figure  1 

OCL  differentiation  is  dramatically  diminished  in 
Atf4~j-  BMM  cultures  and  bones.  (A)  Western  blot. 
Whole  cell  extracts  (20  pg)  from  primary  BMMs 
were  incubated  with  or  without  1  unit  calf  intesti¬ 
nal  phosphatase  (CIP)  at  room  temperature  for  30 
minutes.  (B)  IHC.  Differentiated  BMMs  were  stained 
with  an  ATF4  antibody  or  control  IgG.  (C)  Tibial  sec¬ 
tions  were  stained  for  TRAP  activity  for  30  minutes 
at  37°C.  TRAP  activity  in  both  metaphyseal  (top) 
and  epiphyseal  (bottom)  regions  of  tibias  is  shown. 
(D)  TRAP+  OCLs  (arrows)  on  trabecular  surfaces 
of  WT  and  Atf4~'-  tibiae.  Oc.S/BS  and  Oc.Nb/BPm 
values  for  primary  and  secondary  spongiosa  are 
shown  in  Table  1.  (E-G)  WT  and  Atf4~'~  BMMs 
were  maximally  differentiated  for  9  days,  followed 
by  TRAP  staining.  TRAP+  MNCs  (F)  and  the  num¬ 
ber  of  nuclei  per  OCL  (G)  were  scored.  (H  and  I) 
Bone  resorption  pit  assay  on  dentin  slices.  BMMs 
were  differentiated  on  dentin  slices  for  9  days.  (H) 
Bone  resorption  pits  were  stained  with  hematoxy¬ 
lin  solution.  (I)  Pit  area  versus  total  bone  area  on 
each  dentin  slice  was  measured  as  described  in 
Methods.  (J)  Time  course  of  TRAP+  mononuclear 
OCL  differentiation.  BMMs  were  differentiated  for 
the  indicated  times  followed  by  TRAP  staining,  and 
percent  TRAP+  mononuclear  cells  was  measured. 
*P  <  0.01  versus  WT.  Original  magnification,  x100 
(C,  E,  and  H),  x200  (B  and  D). 
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collagen,  and  proliferation  and  survival  of  OBLs  (39,  40).  Further¬ 
more,  our  most  recent  work  showed  that  ATF4  is  critical  for  osteo¬ 
blastic  responses  to  parathyroid  hormone  (PTF1)  to  increase  bone 
formation  (41).  Elefteriou  and  coworkers  showed  that  ATF4  medi¬ 
ates  [3-adrenergic  induction  of  Rankl  mRNA  expression  via  direct 
binding  to  the  upstream  OSE1  site  in  the  Rankl  promoter  in  OBLs 
(42).  Work  from  the  same  group  further  showed  that  OBL-target- 
ed  expression  of  ATF4  increased  osteoblastic  Rankl  expression  and 
thereby  OCL  differentiation  (43).  Although  these  studies  clearly 
demonstrate  that  increased  OBL  expression  of  ATF4  enhances  OCL 
differentiation  via  RANKL  production  in  OBLs,  to  our  knowledge, 
the  possibility  of  an  OCL-intrinsic  direct  role  for  ATF4  in  regulat¬ 
ing  OCL  differentiation  has  not  previously  been  addressed. 


Using  biochemical,  cellular,  and  genetic 
approaches,  the  present  study  demonstrates 
that  ATF4  is  an  osteoclastic  transcription  fac¬ 
tor,  which  we  believe  to  be  novel,  that  is  essential 
for  OCL  differentiation.  We  showed  that  both  in 
vitro  and  in  vivo  OCL  differentiation  was  severely 
impaired  by  lack  of  ATF4  in  a  cell-autonomous 
manner  and  increased  by  OCL-targeted  trans¬ 
genic  ATF4  expression.  Our  results  revealed  that, 
mechanistically,  ATF4  functioned  as  a  direct 
upstream  activator  of  the  gene  encoding  the 
critical  transcription  factor  NFATcl.  Further, 
ATF4  modulated  RANKL  activation  of  MAPK 
pathways,  a  key  molecular  event  in  OCL  differ¬ 
entiation.  Additionally,  we  demonstrated  that 
ATF4  was  critical  for  M-CSF  induction  of  RANK 
expression,  a  key  step  to  generate  OCL  progeni¬ 
tors,  and  the  level  of  ATF4  protein  was  largely 
modulated  by  M-CSF  and  the  PI3K/AKT  path¬ 
ways  in  BMMs.  Therefore,  these  results  indicate  that  ATF4  has 
important  OCL-intrinsic  functions  both  upstream  and  down¬ 
stream  of  RANKL  signaling  during  OCL  differentiation. 

Results 

Inactivation  of  the  Atf4  gene  severely  impairs  OCL  differentiation  in  vitro 
and  in  vivo  in  a  cell-autonomous  manner.  We  first  tested  whether 
ATF4,  a  previously  known  OBL-enriched  transcription  factor 
(39),  is  expressed  in  OCL-like  cells.  As  shown  in  Supplemental 
Figure  1  (supplemental  material  available  online  with  this  article; 
doi:10.1172/JCI42106DSl),  the  levels  of  ATF4  protein  in  primary 
mouse  BMMs  and  RAW264.7  cells  (a  mouse  monocyte/macro¬ 
phage  cell  line)  were  comparable  to  those  in  OBL-like  cells  (mouse 
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Table  1 

Bone  histomorphometry  in  WT  and  Atf4~^  tibiae 


Primary  spongiosa 

WT 

Att4-/~ 

Oc.S/BS 

8.4  ±0.75 

4.2  ±  0.48A 

Oc.Nb/BPm 

Secondary  spongiosa 

9.2  ±0.96 

5.1  ±  0.8A 

Oc.S/BS 

8.5  ±0.56 

4.1  ±  0.55A 

Oc.Nb/BPm 

8.3  ±0.91 

4.3  ±  0.74A 

Oc.S/BS  and  Oc.Nb/BPm  in  primary  and  secondary  spongiosa  of  tibiae  in 
Figure  1 C  were  measured  as  described  in  Methods.  AP  <  0.01  versus  WT. 


MC-4  preosteoblastic  cells,  primary  mouse  bone  marrow  stromal 
cells  [BMSCs],  and  rat  UMR106-01  osteoblastic  cells).  As  shown 
in  Figure  1A,  ATF4  protein  was  phosphorylated  in  primary  mouse 
BMMs  (note  loss  of  upper  bands  with  phosphatase  treatment). 
Furthermore,  a  strong  ATF4  signal  was  detected  in  the  cytoplasm 
of  the  large  multinuclear  OCLs  by  immunohistochemical  (IF1C) 
staining  using  a  specific  ATF4  antibody  (Figure  IB). 

To  determine  whether  ATF4  is  required  for  osteoclastogenesis 
in  vivo,  the  tibiae  of  4-week-old  WT  and  Atf4  ''  mice  were  decal¬ 
cified,  and  histological  sections  were  stained  for  the  OCL  enzyme 
tartrate-resistant  acid  phosphatase  (TRAP).  We  found  that  TRAP 
activity  throughout  the  tibiae,  including  both  the  metaphyseal  and 
the  epiphyseal  regions,  was  dramatically  reduced  in  Atf4~/~  com¬ 
pared  with  WT  mice  (Figure  1C).  We  next  measured  the  effect  of 
ATF4  deficiency  on  OCL  differentiation  in  both  pri¬ 
mary  and  secondary  spongiosa.  OCL  surface/bone 
surface  (Oc.S/BS)  and  OCL  number/bone  perimeter  A 
(Oc.Nb/BPm)  were  reduced  similarly  in  both  primary 
and  secondary  spongiosa  in  Atf4  /  tibiae  relative  to 
WT  tibiae  (Figure  ID  and  Table  1).  Given  the  dramatic 
decreases  in  Oc.S/BS  and  Oc.Nb/BPm  in  the  Alf4~/~ 
bone,  we  next  determined  whether  ATF4  is  intrinsi¬ 
cally  required  in  BMMs  for  OCL  differentiation  by 
assessing  whether  OCL  differentiation  was  normal 
upon  addition  of  exogenous  RANKL  to  Atf4  /  com¬ 
pared  with  WT  BMM  cultures  in  vitro  by  measuring 
the  number  of  TRAP+  multinucleated  cells  (MNCs; 
defined  as  having  3  or  more  nuclei  per  cell)  generated 
by  each.  We  found  that  TRAP+  MNCs  in  BMM  cul- 


Figure  2 

ATF4  deficiency  impairs  OCL  differentiation  in  a  cell- 
autonomous  manner.  (A  and  B)  CFU-GM  assay.  2  x  104 
BMMs  from  WT  and  Atf4~,~  mice  (6  per  group)  were  cul¬ 
tured  in  methylcellulose  semisolid  medium  in  35-mm 
dishes  in  the  presence  of  1 .0  ng/ml  recombinant  human 
GM-CSF  for  10  days.  The  number  of  CFU-GM  colonies 
was  counted  under  an  inverted  microscope.  Experiments 
were  repeated  2  times.  (C  and  D)  OCL-OBL  coculture. 
Primary  calvarial  OBLs  from  3-day-old  WT  mice  were 
cocultured  with  WT  or  Atf4~'-  BMMs  as  described  in 
Methods.  (E  and  F)  Effects  of  increased  RANKL.  Primary 
BMMs  (E)  and  purified  CD1 1  b+  BMMs  (F)  from  both  gen¬ 
otypes  were  differentiated  in  the  presence  of  increasing 
concentrations  of  RANKL  for  7  days,  and  the  number  of 
TRAP+  MNCs  per  well  was  counted.  *P  <  0.01  versus 
WT.  Original  magnification,  x40  (A);  x200  (C). 


tures  from  Atf4  /  mice  were  dramatically  reduced  compared  with 
those  from  WT  mice  (Figure  1,  E  and  F).  Furthermore,  the  number 
of  nuclei  per  MNC  was  decreased  by  75%  in  Atf4~/~  versus  WT  BMM 
cultures  (Figure  1G),  and  the  MNCs  that  formed  in  At/4  ''  BMM 
cultures  were  much  smaller  than  those  formed  in  WT  cultures.  Sim¬ 
ilar  results  were  obtained  in  purified  CD1  lb+  BMM  cultures  (Sup¬ 
plemental  Figure  2,  A  and  B).  The  ability  to  form  TRAP*  MNCs  was 
almost  completely  lost  in  BMM  cultures  from  15-month-old  Atf4~/~ 
mice  (Supplemental  Figure  2,  C  and  D),  which  suggests  that  ATF4 
is  even  more  important  for  OCL  differentiation  in  old  animals. 
Furthermore,  the  resorption  pit  area  on  dentin  slices  was  dramati¬ 
cally  reduced  in  Atf4  ■'  versus  WT  BMM  cultures  (Figure  1,  FI  and  I). 
Although  MNC  number  and  size  were  both  dramatically  reduced 
in  Atf4  ''  BMM  cultures  relative  to  WT  cultures,  the  ratio  of  total 
resorption  pit  area  to  total  TRAP+  MNC  area  per  slice  was  not  signif¬ 
icantly  different  in  WT  and  Alf4~/~  BMM  cultures  (WT,  0.46  ±0.11; 
Atf4~/  ,  0.56  ±  0.05),  which  suggests  that  the  bone-resorbing  activ¬ 
ity  of  Atf4~/  TRAP+  MNCs  is  not  impaired.  Time-course  experi¬ 
ments  showed  that  the  percentage  of  TRAP+  mononuclear  OCLs 
was  dramatically  reduced  in  Atf4~/~  versus  WT  BMM  cultures  in 
the  first  4  days  in  OCL  differentiation  media.  At  day  5,  this  dif¬ 
ference  disappeared  (Figure  1J),  suggestive  of  a  substantial  delay 
rather  than  absolute  decrease  in  early  OCL  differentiation.  How¬ 
ever,  we  noted  that  although  the  number  of  Atf4 and  WT  TRAP+ 
mononuclear  cells  was  equivalent  at  day  5,  the  Atf4~/~  cells  did  not 
go  on  to  efficiently  form  MNCs  at  day  9  as  described  above  (Fig¬ 
ure  1,  E-G).  To  further  investigate  the  delayed  early  OCL  differen¬ 
tiation,  we  assessed  the  in  vitro  formation  of  CFU-GMs,  which  are 
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Figure  3 

OCL-targeted  transgenic  overexpression  of  ATF4  dramatically  increases  OCL  differentiation  and  bone  resorption  and  results  in  a  severe 
osteopenic  phenotype.  (A)  Schematic  representation  of  a  transgene  construct.  An  1 ,846-bp  fragment  of  the  mouse  Trap  promoter  was  used  to 
drive  expression  of  full-length  mouse  ATF4  cDNA.  Atf4  transgene  expression  in  RANKL-differentiated  and  undifferentiated  BMMs,  BMSCs,  or 
calvarial  OBLs  was  measured  by  quantitative  real-time  RT-PCR  using  transgene-specific  primers  as  described  in  Methods.  (B-D)  In  vitro  OCL 
differentiation.  BMMs  from  4-week-old  WT  and  Trap-Atf4-tg  mice  (founder  no.  2360)  were  differentiated  into  OCLs  for  5  days  followed  by  (B) 
Western  blot  analysis  of  ATF4,  NFATcl,  PU.1 ,  CSFR1 ,  and  p-actin  for  loading;  (C)  real-time  RT-PCR  analysis  for  Trap,  Cat  K,  Mmp9,  Rank, 
Spil ,  and  Csfrl  mRNAs;  and  (D)  TRAP  staining  of  the  BMM  cultures.  (E)  TRAP  staining.  Tibial  sections  from  4-week-old  WT  and  Trap-Atf4-tg 
mice  were  stained  for  TRAP  activity.  (F)  TRAP*  OCLs  (arrows)  on  trabecular  surfaces  of  WT  and  Trap-Atf4-tg  tibiae.  Oc.S/BS  and  Oc.Nb/BPm 
values  for  primary  and  secondary  spongiosa  are  shown  in  Table  2.  (G)  |tCT  analysis.  Fixed  nondemineralized  femurs  from  3-month-old  male 
WT  and  Trap-Atf4-tg  mice  were  used  for  pCT  analysis  as  previously  described  (41).  BV/TV,  Tb.N,  and  Tb.Sp  values  are  shown  in  Table  3. 
n  =  3-7.  *P  <  0.01  versus  WT.  Original  magnification,  x100  (D  and  E);  x200  (F). 


known  to  contain  the  earliest  OCL  precursors  (44),  and  found  that 
it  was  severely  compromised  in  Atf4~C  BMMs  (Figure  2,  A  and  B). 
We  next  examined  whether  coculture  with  WT  OBLs  rescues  the 
OCL  formation  of  Atf4~C  BMMs  (Figure  2,  C  and  D).  As  expected, 
cocultures  ofWT  OBLs  with  WT  BMMs  significantly  induced  the 
formation  of  TRAP+  MNCs.  Although  WT  OBLs  did  induce  some 
TRAP+  mononuclear  OCLs  in  coculture  with  Atf4/  BMMs,  there 
were  almost  no  TRAP*  MNCs  observed.  Furthermore,  primary 
calvarial  OBLs  from  3-day-old  Atf4  /  mice  failed  to  induce  TRAP* 
MNC  formation  when  cocultured  with  either  WT  or  Atf4~C  BMMs 
(H.  Cao  and  G.  Xiao,  unpublished  observation),  in  support  of  the 
notion  that  osteoblastic  ATF4  plays  a  role  in  OCL  differentiation, 
probably  via  upregulation  of  RANKL  expression  (42).  In  addition, 


high  concentrations  of  RANKL  (up  to  200  ng/ml)  did  not  restore 
the  OCL  differentiation  defect  in  BMMs  or  purified  CD  lib* 
BMMs  of  Atf 4  •'  mice  (Figure  2,  E  and  F).  Collectively,  these  find¬ 
ings  suggest  that  ATF4  deficiency  impairs  osteoclastogenesis  in  a 
cell-autonomous  manner. 

OCL-targeted  overexpression  of  ATF4  dramatically  increases  OCL  dif¬ 
ferentiation  and  bone  resorption  and  causes  a  severe  osteopenic  phenotype. 
To  further  examine  the  OCL-intrinsic  role  of  ATF4  in  regulating 
osteoclastogenesis  in  vivo,  we  developed  transgenic  mice  in  which 
the  Atf4  transgene  is  driven  by  an  1,846-bp  mouse  Trap  promot¬ 
er  that  selectively  expresses  ATF4  in  OCLs  (referred  to  herein  as 
Trap-Atf4-tg  mice;  Figure  3A).  This  promoter  has  been  successfully 
used  to  target  OCL  expression  of  many  transgenes  (45-47).  Atf4 
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Table  2 

Bone  histomorphometry  in  WT  and  Trap-Atf4-tg tibiae 


WT  Trap-Atf4-tg 

Primary  spongiosa 

Oc.S/BS  9.1  ±0.36  16  ±  0.71 A 

Oc.Nb/BPm  9.2  ±1.2  16  ±  0.94A 

Secondary  spongiosa 

Oc.S/BS  9.2  ±0.51  16.5  ±  0.72A 

Oc.Nb/BPm  9.3  ±1.03  16.6  ±  1 ,3A 


Oc.S/BS  and  Oc.Nb/BPm  in  both  primary  and  secondary  spongiosa  of 
tibiae  in  Figure  3E  were  measured  as  described  in  Methods.  AP  <  0.01 
versus  WT. 


transgene  mRNA  was  highly  expressed  in  RANKL-differentiated 
BMMs,  but  was  minimal  in  undifferentiated  BMMs,  calvarial 
OBLs,  or  BMSCs  (Figure  3A).  As  shown  in  Figure  3B,  the  level  of 
ATF4  protein  was  dramatically  increased  in  RANKL-differentiated 
BMM  cultures  from  Trap-Atf4-tg  mice  compared  with  BMM  from 
the  control  littermates.  Transgenic  ATF4  dramatically  increased 
the  protein  levels  of  NFATcl/A,  but  not  of  PU.l  or  CSFR1,  in  dif¬ 
ferentiated  BMM  cultures.  The  levels  of  OCL  differentiation  mark¬ 
er  gene  mRNAs  {Trap,  Rank,  CatK,  and  Mmp9 )  were  all  dramatically 
elevated  in  differentiated  BMM  cultures  from  Trap-Atf4-tg  mice 
compared  with  those  from  WT  mice.  In  contrast,  like  the  proteins, 
the  levels  of  Spil  and  Csfrl  mRNAs  were  not  increased  by  trans¬ 
genic  ATF4  (Figure  3C).  Using  BMMs  from  3  different  transgenic 
lines,  we  found  that  OCL-targeted  overexpression  of  ATF4  dramat¬ 
ically  increased  the  number  of  TRAP+  MNCs  in  vitro  (WT,  56  ±  1 1 
TRAP+  MNCs/well;  Trap-Atf4-tg,  270  ±  17  TRAP+  MNCs/well; 
P  <  0.01;  Figure  3D).  We  found  a  similar  effect  of  transgenic  ATF4 
expression  in  vivo.  TRAP  activity  was  markedly  increased  in  Trap-Atf4-tg 
compared  with  WT  tibiae  (Figure  3E).  Oc.S/BS  and  Oc.Nb/BPm 
in  both  primary  and  secondary  spongiosa  of  tibiae  were  dramatical¬ 
ly  increased  in  Trap-Atf4-tgve rsus  WT  mice  (P  <  0.01;  Figure  3F  and 
Table  2).  The  serum  level  of  C-telopeptide  (CTX),  an  indicator  of  in 
vivo  OCL  activity,  was  elevated  2.4-fold  in  Trap-Atf4-tg  mice  relative 
to  WT  mice  (WT,  19.5  ±  3.7;  Trap-Atf4-tg,  46  ±  3.3;  P  <  0.01).  Quan¬ 
titative  [iCT  analysis  of  femur  histomorphometric  parameters 
showed  that  Trap-Atf4-tg  mice  had  a  significant  reduction  in  bone 
volume/tissue  volume  (BV/TV)  and  trabecular  number  (Tb.N), 
as  well  as  a  marked  increase  in  trabecular  space  (Tb.Sp),  com¬ 
pared  with  WT  littermates  (P  <  0.01,  all  comparisons;  Figure  3G 
and  Table  3).  Results  from  these  experiments  demonstrated  that 
osteoclastic  ATF4  overexpression  increased  OCL  differentiation 
and  bone  resorption,  resulting  in  a  severe  osteopenic  phenotype. 

ATF4  is  an  upstream  activator  of  the  Nfatcl  gene.  We  next  examined 
whether  deletion  of  Atf4  reduces  expression  of  NFATcl,  a  master 
regulator  of  OCL  differentiation.  Results  from  quantitative  real¬ 
time  RT-PCR  analysis  showed  that  the  level  of  Nfatcl  mRNA  rela¬ 
tive  to  Gapdh  mRNA  was  greatly  decreased  in  Atf4~/~  BMM  cultures 
compared  with  WT  cells  (Figure  4A  and  Supplemental  Figure  3). 
The  expression  of  CatK,  a  well-known  NFATcl  downstream  target 
gene,  was  almost  abolished  in  Atf4  A  cells  compared  with  WT  con¬ 
trol  cells.  Western  blot  analysis  confirmed  that  NFATcl/A  protein, 
the  major  isoform  of  NFATcl  expressed  in  OCLs,  was  drastically 
reduced  by  ATF4  deficiency  (Figure  4B).  In  contrast,  the  levels  of 
TRAF6  and  c-Fos,  both  critical  factors  for  OCL  differentiation 
and  NFATcl  induction  (7,  8,  48,  49),  were  not  decreased  by  ATF4 


deficiency.  Likewise,  the  mRNA  and  protein  levels  of  PU.  1  and 
CSFR1,  both  critical  factors  for  early  OCL  lineage  commitment 
and  development,  were  not  reduced  by  the  lack  of  ATF4  (Figure 
4,  A  and  B),  in  accordance  with  their  observed  lack  of  increase  by 
overexpression  of  ATF4  (Figure  3,  B  and  C).  As  expected,  the  level 
of  Atf4  mRNA  was  minimal  in  Atf4  7  BMM  cultures  (Figure  4A). 
IHC  staining  of  differentiated  BMM  cultures  using  a  specific  anti¬ 
body  for  NFATcl  showed  a  strong  signal  in  MNCs  of  WT  cultures 
that  was  drastically  reduced  in  Atf4 A-  cultures,  although  there  were 
some  mononuclear  OCLs  that  were  NFATcl+  in  Atf4~/~  cultures 
(Figure  4C).  Similarly,  in  vivo,  a  strong  NFATcl  signal  was  iden¬ 
tified  on  all  surfaces  of  trabeculae  throughout  WT  tibiae,  where 
OCLs  are  usually  located  (Figure  4D).  In  contrast,  the  majority  of 
the  trabecular  surfaces  of  Atf4F-  tibiae  were  negative  for  NFATcl. 
Adenoviral  ATF4  overexpression  in  BMMs  increased  the  level  of 
NFATcl  protein  in  a  dose-dependent  manner  (Figure  4E).  ATF4 
activated  -84 7/+66  Nfatcl  PI  promoter-pGL3-luciferase  reporter 
activity  in  a  dose-dependent  manner,  but  failed  to  stimulate  a  2.8-kb 
mouse  Runx2  promoter  (Figure  4F).  In  contrast,  the  Nfatcl  PI 
promoter  was  not  activated  by  Runx2  (Supplemental  Figure  4). 
As  shown  in  Figure  4G,  introduction  of  a  4-bp  substitution  muta¬ 
tion  to  the  known  API  binding  site  located  at  -644/-637  (from 
TGACTTCA  to  TGCGAACA)  decreased  ATF4  activation  by  50% 
without  affecting  basal  promoter  activity,  which  indicates  that 
this  site  is  critical  for  ATF4  regulation.  ChIP  assays  showed  that 
RANKL  induced  ATF4  interaction  with  a  chromatin  fragment  of 
the  proximal  Nfatcl  promoter  in  RAW264.7  OCL-like  cells  (Figure 
4H).  Consistent  with  results  from  previous  studies  (33,  38),  both 
c-Fos  and  NFATcl  itself  were  also  recruited  to  the  same  region 
of  the  Nfatcl  promoter  in  a  RANKL-dependent  manner.  These 
data  demonstrate  that  ATF4  is  a  critical  upstream  activator  of  the 
Nfatcl  gene  and  indicate  that  ATF4  not  only  regulates  the  number 
of  OCL  progenitors,  but  also  has  a  direct  role  in  activating  genes 
downstream  of  RANK  signaling. 

We  next  examined  whether  NFATcl  can  rescue  the  defective 
OCL  differentiation  of  Atf4~F  BMMs.  WT  and  Atf4~F  BMMs  were 
infected  with  increasing  amounts  of  retrovirus  expressing  a  consti- 
tutively  active  form  of  NFATcl  (50)  and  differentiated  for  7  days, 
followed  by  TRAP  staining.  Although  caNFATcl  dose-dependently 
increased  the  number  of  TRAP+  MNCs  in  Atf4~F  BMM  cultures 
(Figure  41),  surprisingly,  at  even  the  highest  dose,  it  only  slightly 
increased  the  number  of  nuclei  per  MNC  (WT  plus  empty  virus, 
24  ±  3.8;  WT  plus  NFATcl  virus,  32.6  ±  5.5;  P  <  0.01;  KO  plus  empty 
virus,  3.3  ±  0.42;  KO  plus  NFATcl  virus,  4.8  ±  0.71;  P  <  0.01). 

ATF4  modulates  RANKL  activation  ofMAPKs,  but  notltcBa.  pathways, 
in  OCL  progenitors.  Because  activation  of  the  MAPK  and  IkBcx/NF-kB 
pathways  by  RANKL  is  crucial  for  NFATcl  expression  and  OCL 
differentiation,  we  next  examined  whether  ATF4  deficiency  affects 


Table  3 

Quantitative  pCT  analysis  of  WT  and  Trap-ATF4-tg  femur  histo¬ 
morphometric  parameters 


BV/TV  (%) 
Tb.N  (per  mm) 
Tb.Sp  (mm) 


WT 

21  ±3.0 
3.4  ±0.37 
0.30  ±0.03 


Trap-ATF4-tg 

12  ±  3.8A 
2.3  ±  0.07A 
0.45  ±  0.01 A 


Fixed  nondemineralized  lemurs  from  3-month-old  male  WT  and  Trap- 
Atf4-tg  animals  were  used  for  pCT  analysis  as  previously  described  (41). 
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Figure  4 

ATF4  regulates  NFATcl  expression  in  BMM  cultures  and  bones.  (A  and  B)  Total  RNAs  and  protein  lysates  from  differentiated  WT  and  Atf4-'~ 
BMMs  were  used  for  real-time  RT/PCR  analysis  (A)  and  Western  blot  (B).  (C  and  D)  Differentiated  BMMs  and  tibial  sections  were  subjected  to 
IHC  staining  for  NFATcl .  (E)  WT  BMMs  were  infected  with  increasing  amounts  of  ATF4  adenovirus,  then  switched  to  differentiation  medium  for 
72  hours,  followed  by  Western  blot  for  NFATcl .  (F)  ATF4  activates  the  Nfatcl  PI  promoter.  COS-7  cells  were  transfected  with  0.8-kb  Nfatc1-\uc 
or  2.8-kb  mouse  Runx2- luc  constructs  and  pRL-SV40  with  the  indicated  amounts  of  ATF4  expression  plasmid.  After  30  hours,  cells  were  har¬ 
vested  for  the  dual  luciferase  assay.  *P  <  0.01  versus  0  pg  ATF4.  (G)  COS-7  ceils  transfected  with  0.8-kb  Nfatcl -iuc  (WT)  or  the  same  plasmid 
containing  a  4-bp  substitution  mutation  (MT)  in  the  putative  ATF4-binding  site  and  pRL-SV40  with  or  without  ATF4  expression  plasmid.  *P  <  0.05 
versus  (3-gal;  *P  <  0.05,  WT  versus  MT  ATF4/p-gal.  (H)  ChIP  assay.  A  schematic  representation  of  the  relevant  region  of  the  mouse  Nfatcl  PI 
promoter  is  shown.  PI  and  P2  indicate  PCR  primers  used  to  analyze  ChIP  DNAs.  RAW264.7  cells  were  treated  with  or  without  50  ng/ml  RANKL 
for  24  hours.  ChIP  assays  were  performed  using  antibodies  against  ATF4,  c-Fos,  or  NFATcl .  (I)  WT  and  Atf4~'~  BMMs  were  cultured  and  infected 
with  increasing  amounts  of  retrovirus  expressing  caNFATcl ,  and  switched  to  differentiation  medium  for  7  days.  The  number  of  TRAP+  MNCs 
per  well  was  counted.  *P  <  0.01  versus  WT.  Original  magnification,  x100. 


RANKL  activation  of  these  important  pathways  in  OCL  progeni¬ 
tors.  As  shown  in  Figure  5,  RANKL  rapidly  induced  the  phos¬ 
phorylation  of  Erkl/2  in  a  time-dependent  manner,  which  was 
delayed  and  reduced  in  Atf4 cells.  ATF4  deficiency  also  slightly 
reduced  the  basal  phosphorylation  level  of  Erkl/2.  Lack  of  ATF4 
similarly  compromised  RANKL  activation  of  p38  and  JNK  with¬ 
out  markedly  affecting  their  basal  levels.  In  contrast,  no  difference 
was  seen  in  RANKL-induced  phosphorylation  of  ItcBa  in  cells  of 
the  2  genotypes.  Collectively,  lack  of  ATF4  reduced  the  ability  of 
RANKL  to  activate  the  Erkl/2,  p38,  and  JNK  MAPK  pathways  in 
OCL  progenitors. 

We  next  determined  whether  ATF4  deficiency  affects  M-CSF- 
dependent  signaling  in  BMMs.  As  shown  in  Supplemental  Figure  5, 
M-CSF  rapidly  stimulated  the  phosphorylation  of  AKT  and  JNK  in 
WT  cells,  which  was  slightly  reduced  in  Atf4T-  cells.  The  levels  of 
both  phosphorylated  and  total  Src  were  similar  in  WT  and  Atf4~C 
cells  with  or  without  M-CSF.  In  contrast  to  RANKL,  M-CSF  simi¬ 
larly  activated  Erkl/2  and  p38  in  WT  and  Atf4 cells.  Thus,  ATF4 
deficiency  did  not  dramatically  impact  M-CSF  signaling  in  BMMs. 


Levels  ofATF4  protein  in  BMMs  are  modulated  by  M-CSF  and  PI3K/ 
AKT,  and  ATF4  is  required  for  M-CSF  induction  of  RANK  expression. 
To  determine  whether  ATF4  is  regulated  by  M-CSF  in  early  OCL 
differentiation,  BMMs  were  cultured  in  the  presence  and  absence 
of  30  ng/ml  M-CSF  for  0,  6,  12,  24,  and  48  hours,  followed  by 
Western  blot  for  ATF4.  The  results  showed  that  the  level  of  ATF4 
protein  was  dramatically  reduced  in  the  absence  of  M-CSF  in  a 
time-dependent  manner.  However,  this  reduction  was  completely 
prevented  by  M-CSF  (Figure  6A).  M-CSF  did  not  alter  the  level  of 
Atf4  mRNA  (Figure  6B),  which  suggests  that  a  posttranscriptional 
mechanism  is  involved  in  this  regulation. 

To  define  the  signaling  pathways  through  which  M-CSF  regulates 
ATF4,  BMMs  were  treated  with  and  without  inhibitors  or  activa¬ 
tors  for  various  pathways  in  the  presence  of  M-CSF  for  24  hours.  As 
shown  in  Figure  6C,  LY294002,  a  specific  inhibitor  of  the  PI3K/AKT 
pathway,  dramatically  reduced  total  and  phosphorylated  ATF4.  In 
contrast,  the  p38  inhibitor  SB209580,  the  Erkl/2  inhibitor  U0 126, 
the  PKA  inhibitor  H89,  the  PKC  inhibitor  GF109203X,  and  the 
PKA  activator  FSK  did  not  markedly  decrease  or  increase  ATF4  or 
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Figure  5 

RANKL  activation  of  the  MAPK  pathways  is  severely  com¬ 
promised  in  Atf4~'~  OCL  progenitors.  (A)  Western  blot.  WT 
and  Atf4~'~  BMMs  were  cultured  in  proliferation  medium 
for  3  days  and  switched  to  2%  FBS  a-MEM  without  M- 
CSF  overnight,  after  which  cells  were  exposed  to  1 00  ng/ 
ml  RANKL  for  the  indicated  times.  Cells  were  then  lysed, 
fractionated  by  SDS-PAGE,  and  analyzed  by  Western 
blot  analysis  using  antibodies  recognizing  phosphorylated 
and  total  ERK1/2,  p38,  JNK,  and  kBa.  (5-Actin  served  as 
the  loading  control.  Similar  results  were  obtained  from  3 
independent  experiments.  (B-E)  Statistical  analysis  of  the 
Western  blots  in  A.  *P  <  0.01 ,  WT  versus  KO. 


alter  its  phosphorylation.  Importantly,  exposure  to  LY294002  for 
only  24  hours  prior  to  the  addition  of  differentiation  media  inhib¬ 
ited  in  vitro  OCL  differentiation  in  a  dose-dependent  manner  (Fig¬ 
ure  6D).  The  concentrations  of  the  inhibitors  or  activators  used  in 
this  study  are  in  the  ranges  previously  reported  to  selectively  affect 
the  relevant  pathways  (51-54),  or  were  as  suggested  by  the  respec¬ 
tive  manufacturers.  We  found  no  evidence  of  cell  toxicity  using 
these  experimental  conditions.  Interestingly,  the  decrease  in  ATF4 
in  COS-7  cells  induced  by  LY294002  was  completely  abolished  by 
cycloheximide  (CHX)  and  dramatically  reduced  by  the  proteasome 
inhibitor  MG  115  (Figure  6,  E  and  F).  These  results  suggest  that 
regulation  of  ATF4  by  LY294002  involves  de  novo  protein  biosyn¬ 
thesis  as  well  as  modulation  of  protein  stability. 

M-CSF-induced  RANK  expression  is  essential  for  generating 
OCL  progenitors.  We  next  evaluated  whether  ATF4  is  required  for 
this  regulation.  To  this  end,  highly  purified  CDllb+  BMMs  were 
cultured  in  M-CSF-containing  medium  for  72  hours  and  stained 
with  an  anti-RANK  antibody  or  control  IgG.  As  shown  in  Figure  6, 
G  and  H,  the  RANK  signal  was  dramatically  decreased  in  Atf4 rela¬ 
tive  to  WT  cells,  as  measured  by  both  IHC  and  Western  blot  using 


specific  antibodies.  M-CSF  time-dependently  induced 
Rank  mRNA  expression  in  WT  BMM  cultures  (Figure 
61),  consistent  with  results  from  a  previous  study  (16). 
However,  this  induction  was  dramatically  reduced  in 
Atf4 Y-  cells.  Taken  together,  these  results  suggest  that 
ATF4  regulates  early  OCL  differentiation  at  least  in  part 
by  facilitating  M-CSF  induction  of  the  Rank  gene. 

ATF4  deficiency  results  in  increased  CD1 1  b*  cells  in  bone 
marrow  and  spleen  and  reduced  CDS^CDdSR^CDllb^10 
c-kit*CD115h‘  cells  in  bone  marrow.  Because  OCLs  and  mac¬ 
rophages  share  the  same  precursor,  we  next  determined 
whether  lack  of  ATF4  affects  monocyte/macrophage 
precursors  by  measuring  the  CDllb+  cell  population 
in  splenocytes  and  bone  marrow  from  WT  and  Atf4  / 
mice.  In  5  independent  experiments,  the  percentage  of 
CD  1  lb+  cells  was  dramatically  increased  in  Atf4~F  sple¬ 
nocytes  compared  with  WT  cells,  as  measured  by  flow 
cytometry  (WT,  3.04%  ±  0.64%;  KO,  9.6%  ±  2.1%;P  <  0.01; 
Figure  7A).  This  increase  in  CDllb+  cells  was  specific, 
because  the  percentages  of  both  T  lymphocytes  (CD3+; 
Figure  7A)  and  dendritic  cells  (CDllc+;  Supplemental 
Figure  6,  A  and  B)  were  not  increased  by  ATF4  defi¬ 
ciency  (WT,  27.63%  ±  1.9%  CD3+,  1.59%  CDllc+;  KO, 
21.04%  ±  4.1%  CD3+,  1.52%  CDllc+;  P  >  0.05).  Likewise, 
in  bone  marrow,  the  number  of  CD1  lb+  cells  was  simi¬ 
larly  increased  in  Atf4~F  mice  (WT,  41.5%  ±  0.08%;  KO, 
63.6%  ±  3.4%;  P<  0.01),  but  the  number  of  CD3+  cells  (WT,  1.04%  ±  0.2%; 
KO,  0.8%  ±  0.06%;  P  >  0.05)  and  CDllc+  cells  (Supplemental  Fig¬ 
ure  6C)  was  not.  At  the  same  time,  the  percentage  of  CDllbY10 
cells,  the  osteoclastogenic  population  in  the  bone  marrow,  was 
dramatically  reduced  in  Atf4~A  marrow  and  spleen.  Since  the 
CD3~CD45RrCDllb~/loc-kit+CD115hl  population  (approximately 
2%  of  fresh  murine  bone  marrow  preparations)  contains  the  highest 
in  vitro  osteoclastogenic  activity  (55),  we  next  determined  whether 
Atf4  inactivation  affects  this  OCL  precursor  population  in  bone  mar¬ 
row  cells  and  splenocytes.  In  5  independent  experiments,  the  per¬ 
centage  of  this  cell  population  was  slightly  but  significantly  reduced 
in  bone  marrow  cells  by  ATF4  deficiency  (WT,  2.3%  ±  0.11%;  KO, 
2.0%  ±  0.02%;  P  =  0.01;  Figure  7A).  However,  the  percentage  of  this 
cell  population  in  splenocytes  was  much  lower  than  in  bone  marrow 
(approximately  0.25%)  and  was  not  significantly  changed  by  ATF4 
deficiency.  It  should  be  noted  that  although  Atf4~F  bones  are  smaller 
and  thinner  than  WT  bones,  total  nucleated  bone  marrow  cells  per 
bone  were  not  reduced  in  Atf4~F  compared  with  WT  mice  (Supple¬ 
mental  Figure  6D).  ATF4  deficiency  did  not  alter  the  proliferation 
and  survival  of  CD  1  lb+  BMMs  (Figure  7,  B-E).  Therefore,  the  lack  of 
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Figure  6 

ATF4  is  upregulated  by  M-CSF  and  PI3K/AKT  and  is  required  for  M-CSF  induction  of  RANK  expression  in  BMMs.  (A  and  B)  Effects  of  M-CSF  on 
ATF4  in  BMMs.  Cells  were  cultured  with  or  without  30  ng/ml  M-CSF  for  the  indicated  times,  followed  by  Western  blot  (A)  or  real-time  RT-PCR  (B) 
for  ATF4.  (C)  Effects  of  various  inhibitors  or  activators  on  the  level  of  ATF4  in  BMMs.  Cells  were  cultured  in  M-CSF-containing  medium  with  and 
without  the  indicated  inhibitors  or  activators  (10  pM)  for  24  hours.  LY,  LY294002;  SB,  SB209580;  GF,  GF109203X.  (D)  Effect  of  PI3K/AKT  inhibi¬ 
tion  on  OCL  differentiation.  BMMs  were  seeded  in  proliferation  medium  for  3  days  and  treated  with  increasing  concentrations  of  LY294002  for 
24  hours.  Inhibitor  was  then  removed  by  switching  cells  to  differentiation  medium  for  5  days,  followed  by  TRAP  staining.  *P  <  0.01  versus  0  pm. 
(E  and  F)  COS-7  cells  were  transfected  with  1 .0  pg  pCMV/ATF4  expression  plasmid.  After  24  hours,  cells  were  treated  with  or  without  10  pM 
LY294002  as  well  as  with  or  without  10  pg/ml  CHX  (E)  or  10  pM  MG1 15  (F)  for  another  24  hours.  (G)  IHC.  Purified  CD1 1b+  BMMs  were  seeded 
in  proliferation  medium  for  72  hours,  followed  by  IHC  with  an  anti-RANK  antibody  or  control  IgG.  (H)  Western  blot.  Primary  BMMs  were  seeded 
in  35-mm  dishes  in  proliferation  medium  for  72  hours.  (I)  Real-time  RT-PCR.  WT  and  Atf4~l~  BMMs  were  cultured  in  proliferation  medium  for  3 
days  and  switched  to  2%  FBS  a-MEM  without  M-CSF  overnight.  Cells  were  then  treated  with  10  ng/ml  M-CSF  for  the  indicated  times.  *P  <  0.01 , 
WT  versus  KO.  Original  magnification,  x200. 


ATF4  causes  a  lineage  shift  between  OCLs  and  macrophages,  result¬ 
ing  in  an  increase  in  macrophages.  Interestingly,  a  similar  increase  in 
macrophages  was  observed  in  mice  lacking  c-Fos,  whose  deficiency 
also  reduces  NFATcl  and  OCL  differentiation  (7-9). 

Discussion 

The  results  of  our  present  study  establish,  for  the  first  time  to  our 
knowledge,  that  ATF4,  a  transcription  factor  previously  shown  to 
be  important  in  OBLs,  also  plays  a  direct  and  critical  role  in  regu¬ 
lating  OCL  differentiation  both  in  vitro  and  in  bones.  Drastically 
reduced  OCL  differentiation  in  BMM  cultures  from  Atf4~/~  animals 
was  not  rescued  by  coculture  with  WT  OBLs  or  high  concentrations 
of  RANKL,  which  suggests  that  ATF4  plays  an  intrinsic  role  in  OCLs 
that  is  indispensable  for  RANKL-induced  OCL  differentiation.  Dra¬ 
matic  reduction  in  the  formation  of  CFU-GMs  in  Atf4~/~  BMM  cul¬ 
tures  suggests  that  ATF4  deficiency  impairs  the  formation  of  OCL 
precursors.  To  examine  the  in  vivo  actions  of  ATF4  in  OCLs,  this 


study  used  the  mouse  Trap  promoter  to  drive  expression  of  ATF4  in 
OCLs.  Using  this  approach,  ATF4  was  shown  to  stimulate  expres¬ 
sion  of  NFATcl  and  other  OCL-specific  genes  and  OCL  differentia¬ 
tion  in  BMM  cultures.  Of  particular  significance,  Trap-Atf4-tg  ani¬ 
mals  displayed  a  striking  in  vivo  effect  on  OCL  differentiation  and 
bone  resorption,  resulting  in  a  severe  osteopenic  phenotype.  Because 
the  Trap  promoter  is  not  active  in  OBLs,  we  were  able  to  discriminate 
between  the  effects  of  ATF4  in  OCLs  and  those  in  OBLs  or  BMSCs 
(i.e.,  via  ATF4-dependent  production  of  RANKL).  Furthermore,  as 
shown  in  Figure  1C  and  Figure  3E,  TRAP  activity  in  hypertrophic 
chondrocytes  close  to  primary  spongiosa  was  very  weak,  which  sug¬ 
gests  that  the  Trap  promoter  is  not  active  in  these  cells.  Therefore, 
Atf4  transgene  expression  driven  by  this  promoter  should  be  low  in 
the  hypertrophic  chondrocytes;  consequently,  the  potential  contri¬ 
bution  of  the  Atf4  transgene  expression  in  these  cells  to  the  observed 
bone  phenotype  in  Trap- Atf4-tg  mice  (i.e.,  osteopenia,  increased  OCL 
differentiation,  and  bone  resorption)  should  be  minimal. 
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Figure  7 

ATF4  deficiency  increases  CD11b+ 
cells  in  bone  marrow  and  spleen 
and  reduces  CD3_CD45R"CD1 1b-/l0 
c-kit+CD1 15hl  cells  in  bone  marrow. 
(A)  Flow  cytometry.  Splenocytes  and 
bone  marrow  cells  from  WT  and  Atf4~'- 
mice  were  stained  with  bio-strep- 
PB-conjugated  CDIIb,  FITC-conju- 
gated  CD3,  PE-conjugated  CD45R, 
Pecy5-conjugated  c-kit  (CD1 17),  and 
APC-conjugated  CD115  antibodies 
and  analyzed  with  flow  cytometry 
as  described  in  Methods.  The  per¬ 
centage  of  CD3“CD45R"CD1 1  b_/l° 
c-kit+CD1 15hi  cells  in  bone  marrow 
cells  or  splenocytes  was  calculated 
by  multiplying  the  percentages  of 
gated  populations  as  indicated.  A 
representative  experiment  is  shown; 
values  in  Results  were  averaged 
over  5  independent  experiments. 
1  WT  and  1  Atf4~'-  mouse  were  used 
in  each  experiment.  (B  and  C)  BrdU 
staining.  Purified  CD11b+  BMMs 
were  cultured  in  8-well  chambers 
(5  x  105  cells/well)  in  proliferation 
medium  for  72  hours,  followed  by 
BrdU  staining  as  described  previ¬ 
ously  (40,  41).  Arrows  indicate  BrdU+ 
(i.e. ,  proliferating)  cells.  (D  and  E) 
TUNEL  staining.  CD1 1  b+  BMMs  were 
treated  as  in  B,  followed  by  TUNEL 
staining  as  described  previously  (40, 
41).  Arrows  indicate  apoptotic  cells. 
Original  magnification,  x100. 


One  striking  result  in  the  present  study,  which  we  believe  to  be 
novel,  is  the  finding  that  ATF4  is  a  direct  upstream  activator  of 
the  Nfatcl  gene,  a  master  regulator  of  OCL  differentiation.  Lev¬ 
els  of  NFATcl  were  drastically  reduced  in  Atf4 OCLs  and  bones. 
Conversely,  OCL-specific  expression  of  ATF4  in  transgenic  mice 
greatly  increased  the  expression  of  NFATcl  and  its  downstream 
target  genes  as  well  as  OCL  differentiation.  ATF4  activated  Nfatcl 
gene  transcription  via  interaction  with  the  PI  promoter.  Interest- 
ingly,  a  previously  known  API  binding  site  located  at  -644/-637 
was  critical  for  ATF4  activation  of  the  Nfatcl  PI  promoter,  which 
suggests  that  ATF4  directly  binds  to  this  site  and/or  functions 


via  interactions  with  API  factors.  Future  study  will  differentiate 
among  these  possibilities.  Of  particular  significance,  ATF4  interac¬ 
tion  with  the  PI  promoter  was  stimulated  by  RANKL.  In  addition 
to  its  direct  regulation,  ATF4  may  also  indirectly  increase  NFATcl 
expression  by  promoting  RANKL-RANK  signaling.  This  notion  is 
supported  by  our  findings  that  (a)  M-CSF  induction  of  RANK,  the 
receptor  for  RANKL  in  OCL  precursors,  was  severely  impaired  in 
Atf4~/~  BMMs;  and  (b)  RANKL  activation  of  the  Erkl/2,  JNK,  and 
p38  MAPK  pathways  in  OCL  progenitors,  which  is  crucial  for  the 
subsequent  expression  of  NFATcl,  was  greatly  compromised  by 
the  lack  of  ATF4.  Although  ATF4  is  essential  for  its  expression, 
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retroviral  transduction  of  NFATcl  cDNA  into  BMM  only  partially 
rescued  the  OCL  differentiation  defect  in  Atf4  /  BMM  cultures,  as 
large  OCLs  were  still  not  formed.  Possible  explanations  include: 
(a)  the  magnitude  and  duration  of  NFATcl  expression  was  inap¬ 
propriate  for  full  rescue;  and  (b)  other  OCL  differentiation-related 
genes  and/or  factors  are  also  regulated  by  ATF4. 

Our  results  established  that  ATF4  is  a  critical  downstream  target  of 
M-CSF-PI3K/AKT  signaling  in  early  OCL  differentiation.  The  level 
of  ATF4  protein  was  largely  dependent  upon  the  presence  of  M-CSF 
and  the  PI3K/AKT  pathway  in  BMMs.  M-CSF  upregulated  ATF4  at 
least  in  part  by  stabilizing  its  protein,  which  involves  the  PI3K/AKT 
pathway.  Strikingly,  short-term  pharmacologic  inhibition  of  the 
PI3K/AKT  pathway  dramatically  reduced  the  level  of  ATF4  protein  in 
undifferentiated  BMMs  and  subsequent  OCL  differentiation.  These 
results  strongly  suggest  that  the  M-CSF-PI3K/AKT-ATF4  axis  iden¬ 
tified  in  the  present  study  plays  a  crucial  role  in  regulating  early  OCL 
differentiation.  PI3K/AKT  signaling  has  been  implicated  in  OCL 
activation  and  bone  resorption  in  neurofibromatosis  type  I  (NF1),  a 
congenital  disorder  resulting  from  loss  of  function  of  the  tumor  sup¬ 
pressor  gene  NF1 ,  which  encodes  neurofibromin,  a  GTPase-activat- 
ing  protein  for  Ras.  NF 1  patients  have  a  significantly  higher  incidence 
of  osteoporosis  and  osteopenia  (21-23).  Recent  studies  showed  that 
increased  OCL  activity  and  osteoporosis  is  caused  by  increased  AKT 
signaling  in  OCLs  in  murine  and  human  NF1  haploinsufficiency 
(18,  19).  It  would  be  interesting  to  test  whether  ATF4  plays  a  role  in 
the  AKT-induced  OCL  differentiation  and  bone  resorption  in  NF  1 
patients.  Notably,  mice  selectively  lacking  NF1  in  OBLs  displayed 
increased  OCL  activity,  probably  via  upregulation  of  ATF4  in  OBLs, 
and  thereby  exhibited  increased  RANKL  expression  (43). 

Results  from  the  present  study  demonstrated  that  ATF4  is  not 
required  for  early  OCL  lineage  commitment  and  development. 
First,  CSFR1  and  PU.l  expression,  which  is  required  for  the  gen¬ 
eration  of  the  common  progenitors  for  both  macrophages  and 
OCLs,  was  not  altered  in  Atf4 BMMs  or  bones.  Second,  M-CSF 
activation  of  AKT  and  MAPKs  was  not  markedly  different  in  WT 
and  Atf4  ■'  BMMs.  Third,  both  proliferation  and  survival  of  highly 
purified  CDllb+  BMMs  of  the  2  genotypes  were  similar.  Finally, 
the  number  of  macrophages  was  increased  in  Atf4  /  animals. 
Therefore,  ATF4  deficiency  impairs  OCL,  but  not  macrophage, 
differentiation,  and  the  OCL  differentiation  defect  in  Atf4F-  mice 
occurs  later  than  in  Spil-  or  Csfrl -deficient  mice. 

Although  ATF4  is  crucial  for  OCL  differentiation,  Atf4A~  mice  did 
not  display  an  osteopetrotic  phenotype,  which  is  often  observed 
in  mice  and  humans  in  which  genes  encoding  key  OCL-regulat- 
ing  factors  -  such  as  CSF1R,  RANK,  RANKL,  TRAF6,  Src,  PU.l, 
NF-kB  (p50/p52  double  knockout),  and  c-Fos  —  are  inactivated 
or  mutated  (1-9).  Lack  of  osteopetrosis  in  Atf4~F  mice  could  be 
explained,  at  least  in  part,  by  the  fact  that  ATF4  is  also  important 
for  OBL  function  and  bone  formation  (39,  40,  56).  Therefore,  it  is 
expected  that  Atf4 mice  have  a  low-bone  turnover  osteoporosis. 

ATF4  can  be  specifically  regulated  by  different  signal  transduction 
factors  in  OBLs  and  OCLs.  For  examples,  ATF4  is  directly 
phosphorylated  and  activated  by  RSK2  in  OBLs,  which  is  critical 
for  ATF4  activity  as  well  as  bone  formation  (56).  Furthermore,  PTH 
—  via  its  receptor,  PTH1R,  which  is  expressed  in  OBLs  —  upregu- 
lates  Atf4  gene  expression  and  activity,  which  is  required  for  this 
hormone  to  induce  osteocalcin  gene  expression  as  well  as  bone  for¬ 
mation  (41,  53).  PKA  phosphorylation  of  ATF4  at  its  Ser254  resi¬ 
due  mediates  |3-adrenergic  induction  of  Rankl  mRNA  expression  in 
OBLs  (42).  Additionally,  ATF4  increases  OBL  function  and  bone 


formation  through  interactions  with  the  OBL-specific  transcrip¬ 
tion  factor  Runx2  (57-60).  In  contrast,  in  OCLs,  ATF4  is  regulated 
by  M-CSF  and  the  PI3K/AKT  pathway,  mediates  M-CSF  induction 
of  RANK,  and  facilitates  RANKL  induction  of  MAPKs  and  expres¬ 
sion  of  NFATcl.  In  contrast  to  the  effects  of  M-CSF  and  PI3K/AKT 
on  ATF4  protein  levels  in  BMMs  and  OCLs,  both  RSK2  and  PKA 
do  not  affect  the  ATF4  protein  level  in  OBLs  (42,  56).  Furthermore, 
ATF4Ser219  and  ATF4Ser224  phosphorylation  is  involved  in  binding  to 
|3TrCP  ubiquitin  ligase,  thus  increasing  proteolytic  degradation  in 
HeLa  cells  (6 1 , 62),  whereas  the  activation  of  AKT  in  BMMs  enhances 
ATF4  stability.  This  suggests  that  ATF4  is  modulated  by  differ¬ 
ential  phosphorylations  in  OBLs  and  OCLs  and/or  that  M-CSF- 
PI3K/AKT  signaling  regulates  a  protein  that  modulates  ATF4  pro¬ 
tein  stability  in  BMMs/OCLs.  Therefore,  it  should  be  possible  to 
design  therapeutic  agents  that  selectively  inhibit  ATF4  in  OCLs. 

The  results  of  the  present  study  establish  a  direct  and  important 
role  for  ATF4  in  regulating  multiple  steps  in  OCL  differentiation 
and  suggest  that  manipulation  of  ATF4  in  OCLs  may  be  a  strategy 
for  increasing  bone  mass  in  diseased  states. 

Methods 

Reagents.  Tissue  culture  media  and  FBS  were  obtained  from  Thermo  Scien¬ 
tific  HyClone.  LY294002,  SB209580,  U0126,  H89,  FSK,  GF109203X,  and 
DMSO  were  purchased  from  Sigma-Aldrich.  Calf  intestinal  phosphatase 
was  purchased  from  Promega.  All  other  chemicals  were  of  analytical  grade. 

Atf4-deficient  and  Trap-Atf4-tg  mice.  Breeding  pairs  of  Atf4- heterozygous 
mice  (Swiss  black),  as  described  previously  (40,  53),  were  used  to  generate 
WT  Atf4^+,  heterozygous  Atf4^~,  and  homozygous  mutant  Atf4  mice  for 
this  study.  4-  to  8-week-old  mice  were  sacrificed  for  BMMs.  Mice  selectively 
expressing  ATF4  in  OCLs  were  developed  at  the  Transgenic  &  Chimeric 
Mouse  Facility  of  the  University  of  Pittsburgh  using  an  1,846-bp  mouse 
Trap  promoter,  provided  by  S.  Reddy  (Medical  University  of  South  Caro¬ 
lina,  Charleston,  South  Carolina,  USA;  ref.  63).  We  identified  17  positive 
animals  by  PCR  of  tail  DNA  using  a  5'  primer  in  the  Atf4  cDNA  sequence 
(5'-ATGACCCACCTGGAGTTAGTTTGACA-3')  and  a  3'  primer  in  the 
hGH-PoyA  sequence  (,7-GCACT GGGGAGGGC  iTCACA-.V).  Expression  of 
Atf4  transgene  was  measured  by  Western  blot  analysis  using  ATF4  antibody. 
5  founders  (animal  no.  2330,  2333,  2358,  2359,  and  2360)  were  found  to 
express  Atf4  transgene  at  different  levels.  These  transgenic  animals  were  in 
C57BL/6  background.  All  research  protocols  were  approved  by  the  Institu¬ 
tional  Animal  Care  and  Use  Committee  of  the  VA  Pittsburgh  Healthcare 
System,  where  this  study  was  conducted. 

In  vitro  OCL  assays  and  serum  CTX assay.  Nonadherent  BMMs  were  isolated 
from  total  bone  marrow  cells  cultured  on  tissue  culture  dishes  for  48  hours. 
Cl)  1  1  b+  or  CD  1  I  c~  cells  were  isolated  from  BMMs  using  theCDllborCDllc 
microbeads  and  the  LS  columns  according  to  the  manufacturer’s  instructions 
(Miltenyi  Biotec  Inc).  For  differentiation,  cells  were  first  cultured  in  prolifera¬ 
tion  medium  (a-MEM  containing  10%  FBS  and  10  ng/ml  human  recombi¬ 
nant  M-CSF)  for  3  days,  then  switched  to  differentiation  medium  (prolifera¬ 
tion  medium  plus  50  ng/ml  human  recombinant  RANKL)  for  4-9  days.  The 
TRAP+  MNCs  were  scored  using  an  inverted  microscope.  For  Pit  assay,  BMMs 
(5  x  105  cells/well)  were  seeded  on  dentin  slices  in  24-well  plates  in  prolifera¬ 
tion  medium  for  3  days  and  switched  to  differentiation  medium  for  9  days. 
Bone  resorption  pits  were  stained  with  hematoxylin  solution.  Pit  area  versus 
total  bone  area  and  pit  area  versus  TRAP+  MNC  area  of  each  dentin  slice 
were  measured  using  Image  Pro  Plus  6.2  software  (Media  Cybernetics  Inc). 
Coculture  experiments  were  performed  as  previously  described  (64).  Briefly, 
primary  calvarial  OBLs  (3.2  x  104  cells/well)  were  seeded  in  24-well  plates 
and  cultured  in  a-MEM  containing  10%  FBS  and  50  llg/nil  ascorbic  acid. 
BMMs  (4  x  10s  cells/well)  were  seeded  on  top  of  the  OBLs.  The  medium  was 
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supplemented  with  10  ng/ml  M-CSF  and  10~8  M  1,25  dihydroxyvitamin  D3. 
OCLs  were  identified  by  TRAP  staining  and  counted.  Serum  levels  of  CTX, 
degradation  products  from  type  I  collagen  during  osteoclastic  bone  resorp¬ 
tion,  were  measured  using  the  RatLaps  EIA  Kit  according  to  the  manufactur¬ 
er’s  instruction  (Immunodiagnostic  Systems  Limited). 

Histological  evaluation,  bone  histomorphometry,  and  IHC.  WT  and  Atf4~/~  mice 
were  euthanized,  and  tibiae  were  fixed  in  10%  formalin  at  4°  C  for  24  hours, 
decalcified  in  10%  EDTA  (pH  7.4)  for  10-14  days,  and  embedded  in  paraf¬ 
fin.  Sections  of  tibiae  from  WT  and  Atf4~7~  mice  were  used  for  TRAP  stain¬ 
ing  as  described  previously  (65).  Bone  histomorphometry,  such  as  Oc.S/BS 
and  Oc.Nb/BPm,  in  both  primary  and  secondary  spongiosa  of  tibiae  was 
measured  using  Image  Pro  Plus  6.2  software  (Media  Cybernetics  Inc.)  as 
previously  described  (43,  66).  Cells  cultured  in  8-well  culture  chambers 
(Nalgene  Nunc),  or  5 -pm  sections  of  tibiae,  were  subjected  to  IHC  staining 
with  antibodies  against  ATF4,  NFATcl,  or  RANK  (Santa  Cruz  Biotechnol¬ 
ogy)  using  the  EnVision+System-HRP  (DAB)  kit  (Dako  North  America  Inc.) 
as  described  previously  (41).  Fixed  nondemineralized  femurs  were  used  for 
pCT  analysis  at  the  Center  for  Bone  Biology  using  VIVACT40  (SCANCO 
Medical  AG),  as  previously  described  (41). 

Cell  proliferation  and  TUNEL  staining.  BrdU  staining  was  used  to  measure 
cell  proliferation  as  previously  described  (40, 41).  Cell  survival  was  evaluat¬ 
ed  using  the  ApopTag  Peroxidase  In  Situ  Apoptosis  Detection  Kit  accord¬ 
ing  to  the  manufacturer’s  instruction  (Millipore). 

Quantitative  RT-PCR.  RNA  isolation  and  RT  were  previously  described  (53). 
Quantitative  real-time  RT-PCR  analysis  was  performed  to  measure  relative 
mRNA  levels  using  SYBR  Green  kit  (Bio-Rad  Laboratories  Inc.).  Samples 
were  normalized  to  Gapdh  expression.  The  DNA  sequences  of  mouse  prim¬ 
ers  used  for  real-time  PCR  are  summarized  in  Supplemental  Table  1. 

Western  blot  analysis.  Western  blot  analysis  was  performed  as  previously 
described  (53,  58).  Antibodies  used  were  as  follows:  antibodies  against 
NFATcl,  c-Fos,  TRAF6,  RANK,  and  CSFR1  and  anti-rabbit  or  anti-mouse 
antibodies  conjugated  with  horseradish  peroxidase  from  Santa  Cruz  Bio¬ 
technology  Inc.;  antibodies  recognizing  phosphorylated  and  total  ERK1/2, 
p38  MAPK,  JNK,  AKT,  Src,  IkBoi,  and  PU.l  from  Cell  Signaling  Technology 
Inc.;  and  mouse  monoclonal  antibody  against  (3-actin  from  Sigma- Aldrich. 

DNA  constructs,  transfection,  adenovirus,  and  retrovirus.  pCMV/(3-gal,  pCMV/ 
ATF4,  and  pCMV/Runx2  were  described  previously  (41, 57, 58, 67).  NFATcl-luc, 
containing  a  mouse  Nfatcl  promoter  element  (-847/+66)  driving  a  fire¬ 
fly  luciferase  reporter  gene,  was  constructed  in  the  project  laboratory  by 
PCR  subcloning  promoter  fragment  using  mouse  tail  DNA  as  a  template 
into  pGL3-luc  vector  (Promega).  Mutant  Nfatcl-\u.c,  which  contains  a  4-bp 
substitution  mutation  in  the  API  binding  site  located  at  -644/-637  (from 
TGACTTCA  to  TGCGAACA),  was  generated  from  WT  Nfatcl -luc  (-847/+66) 
by  PCR  amplification  using  a  QuickChange  XL  Site-Directed  Mutagenesis 
Kit  (Stratagene)  with  the  following  primers:  forward,  5'-GGGAAGCCTGC- 
G  ATTTTAC  ATAAT  G  C  G  AAC  AG  CAT  G  C  AAG  GCGTCTCGG  C  AC  C  C  -  3 ' : 
reverse,  5'-GGGTGCCGAGACGCCTTGCATGCTGTTCGCATTATGTA- 
AAATCGCAGGCTTCCC-3'.  Sequence  accuracy  was  confirmed  by  automatic 
DNA  sequencing.  Runx2- luc  was  provided  by  P.  Ducy  (Columbia  University, 
New  York,  New  York,  USA;  ref.  68).  For  all  transfection  experiments,  the 
amount  of  plasmid  DNAs  (0.125  pg  reporter  plasmid,  1.0  ng  normalization 


plasmid  pRL-SV4,  and  0.5- 1.5  pg  expression  plasmid)  was  balanced  as  nec¬ 
essary  with  (3-gal  expression  plasmid  such  that  the  total  DNA  was  constant 
in  each  group.  Experiments  were  performed  in  triplicate  and  repeated  3-4 
times.  Adenoviruses  expressing  ATF4  and  (3-gal  were  described  previously 
(57).  Retrovirus  expressing  caNFATcl  and  its  control  empty  retrovirus  were 
described  previously  (38).  The  amount  of  adenovirus  or  retrovirus  was  bal¬ 
anced  as  necessary  with  a  control  adenovirus  expressing  (3-gal  or  an  empty 
retrovirus  such  that  the  total  amount  was  constant  in  each  group. 

ChIP.  ChIP  assays  were  performed  as  described  previously  (41,  58).  The 
equivalent  of  10  pg  DNA  was  used  as  starting  material  (input)  in  each  ChIP 
reaction  with  2  pg  of  the  appropriate  antibody  (ATF4,  c-Fos,  or  NFATcl). 
Fractions  of  the  purified  ChIP  DNA  (5%)  or  inputs  (0.02%-0.05%)  were  used 
for  PCR  analysis.  The  reaction  was  performed  with  AmpliTaq  Gold  DNA 
Polymerase  (Applied  Biosystems)  for  35  cycles  of  60  seconds  at  95 0  C,  90  sec¬ 
onds  at  58  °C,  and  120  seconds  at  68  °C.  A  PCR  primer  pair  (PI,  CCGGGAC- 
GCCCATGCAATCTGTTAGTAATT;  P2,  GCGGGTGCCCTGAGAAAGC- 
TACTCTCCCTT)  was  generated  to  detect  DNA  segments  located  near  the 
AP- 1-binding  site  at  -644/-637  and  2  NFATcl -binding  sites  at  -689/-684 
(TTTTCC)  and  -680/-676  (TTTTCC),  respectively,  in  mouse  Nfatcl  proximal 
promoter  (33).  The  PCR  products  were  separated  on  3%  agarose  gels  and  visu¬ 
alized  with  ultraviolet  light.  All  ChIP  assays  were  repeated  at  least  3  times. 

Flow  cytometry.  Cell  surface  fluorescence  was  determined  using  FITC- 
conjugated  CD3,  bio-strep-PB-  or  APC-conjugated  CDllb,  Pecy5-conju- 
gated  c-kit  (i.e.,  CD117),  PE-conjugated  CD45R,  APC-conjugated  CD115, 
and  FITC-conjugated  CD  11c  with  appropriate  isotype  controls  (eBiosci- 
ence  Inc.).  For  flow  cytometry  samples,  erythrocytes  were  first  removed  by 
lysis.  BMMs  or  splenocytes  from  WT  and  Atf4~/~  mice  were  then  stained 
with  the  appropriate  antibody.  Between  5,000  and  10,000  events  were  col¬ 
lected  from  samples  using  a  BD  FACScan  (BD  Biosciences),  and  analysis 
was  performed  using  Cell  Quest  (BD  Biosciences). 

Statistics.  Data  were  analyzed  with  GraphPad  Prism  software,  version  4.0. 
A  1-way  ANOVA  analysis  was  used,  followed  by  the  Tukey  test.  Results  are 
expressed  as  mean  ±  SD.  Differences  with  a  P  value  less  than  0.05  were 
considered  statistically  significant. 
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Table  SI:  real-time  PCR  primers 


Name 

5’  primer 

3’  primer 

Atf4 

GAGCTTCCTGAACAGCGAAGTG 

TGGCCACCTCCAGATAGTCATC 

Cat  K 

AATACGTGCAGCAGAACGGAGGC 

CTCGTTCCCCACAGGAATCTCTCTGTAC 

c-Fms 

CCTCCTCTGGTCCTGCTGCTGG 

GCTCACACATCGCAGGGTCACC 

Gapdh 

CAGTGCCAGCCTCGTCCCGTAGA 

CTGCAAATGGCAGCCCTGGTGAC 

Mmp9 

TGCCCTGGAACTCACACGACATCTTC 

TGCCCTGGAACTCACACGACATCTTC 

Nfatcl 

CCCCATCCGCCAGGCTACA 

GGTTGTCTGCACTGAGCCAACTCC 

PU.1 

CTCCAGGTGTACCCCCCAGAGG 

CTCCAGGGCGGGGCTGTC 

Rank 

AGAGGGGAGCCTCAGGGTCC 

AAGTTCATCACCTGCCCGCTAGA 

Trap 

C  ACTCCCACCCT  G  AG  ATTT  GTG 

ACGGTTCTGGCGATCTCTTTG 
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Legends  for  Supplementary  Figures: 


Fig.  SI.  ATF4  is  expressed  in  OCL-like  cells.  Mouse  MC-4  preosteoblastic  cells,  rat 
UMR1 06-01  osteoblastic  cells,  primary  mouse  bone  marrow  stromal  cells  (BMSCs), 
RAW264.7  cells  (a  mouse  monocyte/macrophage  cell  line),  and  primary  mouse  bone 
marrow-derived  monocytes  (BMMs)  were  cultured  in  10%FBS  media  for  24  h.  Whole 
cell  extracts  were  used  for  Western  blot  analysis  for  ATF4. 

Fig.  S2.  TRAP  staining  in  CD11b+  BMMs  and  BMMs  from  aged  mice.  (A)  TRAP 
staining.  Purified  CD11b+BMMs  from  4-week-old  wt  and  Atf4'A  mice  were  differentiated 
for  5d  followed  by  TRAP  staining  and  TRAP-positive  multinucleated  cells  (MNCs)  were 
scored.  (B)  Statistical  analysis  of  TRAP  staining  in  (A).  Magnification:  100X.  (C)  TRAP 
staining.  Primary  BMMs  from  15-month-old  wt  and  Atf4~A  mice  were  differentiated  for  5d 
followed  by  TRAP  staining.  (D)  Statistical  analysis  of  TRAP  staining  in  (C). 
Magnification:  40X. 

Fig.  S3.  RANKL  induction  of  Nfatcl  mRNA  expression  in  wt  and  Atf4'A  BMMs 
(dose-response).  Wt  and  Atf4~A  BMMs  were  treated  with  indicated  concentrations  of 
RANKL  (25-200  ng/ml)  for  7d  followed  by  quantitative  real-time  RT/PCR  for  Nfatcl 
mRNA.  Gapdh  mRNA  was  used  for  loading.  '  P<0.01  wt  vs.  Atf4~A). 
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Fig.  S4.  ATF4  but  not  Runx2  activates  the  Nfatcl  PI  promoter.  COS-7  cells  were 
transfected  with  0.125  /jg  0.8-kb  Nfatc1-\uc  and  1 .0  ng  pRL-SV40  with  1 .0  yg 
expression  plasmid  for  ATF4  or  Runx2.  *P<0.01  ((3-gal  vs.  ATF4). 

Figure  S5.  Effects  of  M-CSF  on  activation  of  the  AKT,  Src,  and  MAPKs  pathways 

in  wt  and  Atf4'A  BMMs.  Wt  and  Atf4~A  BMMs  were  cultured  in  proliferation  medium  for  3 
d  and  switched  to  2%  FBS  a-MEM  without  M-CSF  overnight.  Cells  were  then  exposed 
to  30  ng/ml  M-CSF  for  the  indicated  times.  Cells  were  then  lysed,  fractionated  by 
SDS-PAGE,  and  analyzed  by  Western  blot  analysis  using  antibodies  recognizing 
phosphorylated  and  total  ERK1/2,  p38,  JNK,  AKT,  and  Src.  (3-actin  served  as  the 
loading  control.  Similar  results  were  obtained  from  three  independent  experiments. 

Fig.  S6.  Atf4A  mice  display  an  increase  in  macrophage.  (A-B)  Flow  cytometry. 
Splenocytes  from  wt  and  Atf4~A  mice  were  stained  with  CDIIb-APC  and  CD1  Ic-FITC 
antibodies  and  analyzed  with  flow  cytometry  as  described  in  Experimental  Procedures. 
(C)  CD1 1c+ cells  were  purified  and  counted  from  wt  and  Atf4~A  BMMs  as  described  in 
Experimental  Procedures.  (D)  Total  nucleated  bone  marrow  cells  were  counted  from 
long  bones  (two  femurs  and  two  tibias)  from  6-week-old  wt  and  Atf4~A  mice  (6  mice  per 
group). 
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In  this  study,  we  determined  the  molecular  mechanisms 
whereby  forkhead  transcription  factor  Foxol,  a  key  downstream 
signaling  molecule  of  insulin- like  growth  factor  1  (IGFl)/insulin 
actions,  regulates  Runx2  activity  and  expression  of  the  mouse 
osteocalcin  gene  2  ( Bglap2 )  in  osteoblasts  in  vitro.  We  showed 
that  Foxol  inhibited  Runx2-dependent  transcriptional  activity 
and  osteocalcin  mRNA  expression  and  Bglap2  promoter  activity  in 
MC-4  preosteoblasts.  Co-immunoprecipitation  assay  showed  that 
Foxo  1  physically  interacted  with  Runx2  via  its  C- terminal  region  in 
osteoblasts  or  when  co-expressed  in  COS-7  cells.  Electrophoretic 
mobility  shift  assay  demonstrated  that  Foxol  suppressed  Runx2 
binding  to  its  cognate  site  within  the  Bglap2  promoter.  IGF1  and 
insulin  prevented  Foxol  from  inhibiting  Runx2  activity  by  promot¬ 
ing  Foxol  phosphorylation  and  nuclear  exclusion.  In  contrast,  a 
neutralizing  anti-IGFl  antibody  decreased  Runx2  activity  and 
osteocalcin  expression  in  osteoblasts.  Chromatin  immunoprecipi- 
tation  assay  revealed  that  IGF1  increased  Runx2  interaction  with  a 
chromatin  fragment  of  the  proximal  Bglap2  promoter  in  a  PI3K/ 
AKT-dependent  manner.  Conversely,  knockdown  of  Foxol 
increased  Runx2  interaction  with  the  promoter.  This  study  estab¬ 
lishes  that  Foxol  is  a  novel  negative  regulator  of  osteoblast-specific 
transcription  factor  Runx2  and  modulates  IGFl/insulin-depend- 
ent  regulation  of  osteocalcin  expression  in  osteoblasts. 


Foxol  is  a  forkhead  transcription  factor  that  is  defined  by  its 
amino  forkhead  DNA  binding  domain  and  carboxyl  trans- acti¬ 
vation  domain.  Foxol  plays  a  pivotal  role  in  mediating  the  effect 
of  insulin  or  insulin-like  growth  factor  1  (IGF1)* 1 2  on  the  expres¬ 
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2The  abbreviations  used  are:  IGF1,  insulin-like  growth  factor  1;  IRE,  insulin 
response  element;  AA,  ascorbic  acid;  NE,  nuclear  extracts;  EMSA,  electro¬ 
phoretic  mobility  shift  assay. 


sion  of  genes  involved  in  cell  growth,  differentiation,  metabo¬ 
lism,  and  longevity  (1-5).  Insulin  or  IGF1  exerts  its  inhibitory 
effect  on  gene  expression  via  a  highly  conserved  sequence  (TG/ 
ATTTT/G),  termed  the  insulin  response  element  (IRE),  in  the 
promoter  of  genes  that  are  negatively  regulated  by  insulin/ 
IGF1.  In  the  absence  of  insulin/IGFl,  Foxol  resides  in  the 
nucleus  and  binds  as  a  tram-activator  to  the  IRE,  enhancing 
promoter  activity.  In  response  to  insulin,  Foxol  is  phosphory- 
lated  at  three  highly  conserved  phosphorylation  sites  (Thr-24, 
Ser-256,  and  Ser-319)  through  the  PI3I<-dependent  pathway, 
resulting  in  its  nuclear  exclusion  and  inhibition  of  target  gene 
expression  (1,  2,  6).  Except  for  Foxo6  (7),  all  members  of  the 
Foxo  superfamily  undergo  insulin/IGFl-dependent  phosphor¬ 
ylation  and  nuclear  exclusion.  Failure  to  phosphorylate  Foxol 
results  in  its  permanent  nuclear  localization  and  constitutive 
trans- activation  of  gene  expression.  This  phosphorylation-de¬ 
pendent  Foxol  translocation  has  been  viewed  as  an  acute 
mechanism  for  insulin  or  growth  factors  to  inhibit  gene  expres¬ 
sion,  as  insulin-induced  Foxol  phosphorylation  is  kinetically 
coupled  to  its  subsequent  translocation  to  the  cytoplasm  (1,  8). 

Osteoblasts,  the  bone-forming  cells,  originate  from  multipo¬ 
tential  mesenchymal  cells.  Osteoblast  activity  and  function  are 
regulated  by  a  number  of  growth  factors  and  hormones  includ¬ 
ing  IGF1,  insulin,  bone  morphogenetic  proteins  (BMPs),  basic 
fibroblast  growth  factor  2  (FGF-2),  parathyroid  hormone 
(PTH),  tumor  necrosis  factor-a  (TNF-a),  and  extracellular 
matrix  signals  (9-21).  At  the  molecular  level,  osteoblast  func¬ 
tion  is  controlled  by  several  key  transcription  factors  including 
Runx2,  osterix,  and  ATF4  (22-29).  Runx2  is  a  runt  domain- 
containing  transcription  factor  that  is  characterized  as  a  tran¬ 
scriptional  activator  of  osteoblast  differentiation  and  master 
gene  for  bone  development  (22-26).  Runx2  expression  and 
activity  are  controlled  by  a  number  of  factors  including  IGF1, 
BMPs,  FGF-2,  PTH,  TNF-a,  and  extracellular  matrix  signals  (9, 
12-14,  30,  31)  as  well  as  by  nuclear  factors  via  protein-protein 
interactions  (29,  32-46). 

Recent  studies  showed  that  osteocalcin,  an  osteoblast-spe¬ 
cific  product  encoded  by  the  Bglap2  (bone  y-carboxyglutamate 
protein)  gene  plays  a  critical  role  in  regulating  glucose  metab- 
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olism  (10, 11, 47).  Using  mice  lacking  Foxol  selectively  in  osteo¬ 
blasts,  Rached  et  al.  (48)  recently  showed  that  Foxol  expressed 
in  osteoblasts  regulates  glucose  homeostasis  through  an  osteo¬ 
calcin-dependent  mechanism.  Specifically,  osteoblast-condi¬ 
tional  inactivation  of  Foxol  increased  /3-cell  proliferation  and 
insulin  secretion  and  sensitivity.  Importantly,  osteoblastic 
osteocalcin  protein,  which  is  active  in  the  absence  of  S-carbox- 
ylation,  was  found  to  be  responsible  for  the  metabolic  actions  of 
Foxol  in  regulating  glucose  homeostasis.  Foxol  decreases 
osteocalcin  mRNA  expression  and  increases  osteocalcin  car- 
boxylation.  Foxol  achieves  the  latter  by  increasing  the  expres¬ 
sion  of  Esp,  a  gene  that  encodes  a  protein  that  decreases  osteo¬ 
calcin  function  (i.e.  increases  its  carboxylation).  Therefore, 
Foxol  negatively  regulates  both  osteocalcin  production/ex- 
pression  and  function.  Flowever,  the  molecular  mechanism 
whereby  Foxol  suppresses  the  Bglap2  gene  is  undefined.  In  this 
study,  we  hypothesized  that  Foxol  inhibits  Bglap2  gene  expres¬ 
sion  and  promoter  activity,  at  least  in  part,  via  suppression  of 
Runx2,  a  major  transcriptional  activator  of  the  Bglap2  gene  (25, 
49).  To  address  this  hypothesis,  we  analyzed  the  molecular 
interplay  between  Runx2  and  Foxol  in  Bglap2  gene  expression 
in  osteoblasts.  We  demonstrate  that  Foxol  physically  binds  to 
and  functionally  antagonizes  Runx2  from  driving  Bglap2 
expression.  Furthermore,  we  demonstrate  that  IGFl/insulin 
prevents  Foxol  from  inhibiting  Runx2,  probably  by  promoting 
Foxol  phosphorylation  and  nuclear  exclusion  in  osteoblasts. 
This  effect  results  in  inhibition  of  Foxol  action,  which  contrib¬ 
utes  to  increased  osteocalcin  expression  in  osteoblasts  and 
favors  glucose  homeostasis. 

EXPERIMENTAL  PROCEDURES 

Reagents  and  Cell  Lines — Tissue  culture  media  and  fetal 
bovine  serum  were  obtained  from  HyClone  (Logan,  UT). 
Mouse  MC3T3-E1  subclone  4  (MC-4)  cells  were  described  pre¬ 
viously  (31,  50)  and  maintained  in  AA  (ascorbic  acid)-free 
ct-modified  Eagle’s  medium  (a-MEM),  10%  fetal  bovine  serum 
(FBS),  and  1%  penicillin/streptomycin  and  were  not  used 
beyond  passage  15.  COS-7  cells  and  rat  UMR106-01  osteosar¬ 
coma  cells  were  described  (46,  51,  52).  IGF1  was  purchased 
from  R&D  Systems,  Inc  (Minnepolis,  MN).  Insulin  and 
LY294002  were  purchased  from  Sigma  Aldrich. 

DNA  Constructs — Wild-type  (wt)  or  mutated  (mt) 
6XRUNX2-LUC  (also  known  as  p60SE2-luc  (49))  or  BGLAP2- 
LUC  (also  known  as  p657mOG2-luc  (49)),  which  contains  2-bp 
substitution  mutations  in  the  OSE2  sites  that  abolishes  Runx2 
binding,  4XATF4-LUC  (p40SEl-luc  (53,  54)),  pCMV5//3-gal, 
pCMV/Runx2  expression  plasmids  (wt,  amino  acids  1-410, 
amino  acids  1-330,  amino  acids  1-286,  amino  acids  1-258) 
containing  cDNAs  encoding  either  wt  Runx2  or  C-terminal 
deletions  under  CMV  promoter  control,  and  full-length  GST- 
Runx2  and  GST-Foxol  fusion  protein  expression  vectors  were 
previously  described  (29, 46, 49,  53,  55,  56).  HA-tagged  pCMV/ 
Runx2  expression  plasmids  containing  cDNAs  encoding  wt  or 
N-terminal  deletions  (AN97,  AN242,  and  AN326)  under  CMV 
promoter  control  were  previously  described  (57).  To  generate 
pCMV/Foxol  expression  plasmids  expressing  truncated  forms 
of  Foxol  (amino  acids  1-558,  amino  acids  1-456,  amino  acids 
1-360,  amino  acids  1-258),  a  stop  code  (TAA,  TAG,  or  TGA) 


that  results  in  premature  stop  of  Foxol  protein  at  indicated 
amino  acid  residues  was  introduced  into  Foxol  cDNA  by  PCR 
using  pCMV/Foxol  as  a  template.  The  pCMV/Foxol(3A) 
expression  plasmid  expressing  a  mutant  Foxol  protein  in 
which  three  insulin/AKT-dependent  phosphorylation  sites 
(Thr-24,  Ser-256,  and  Ser-319)  were  mutated  from  Thr  or  Ser 
to  Ala,  was  described  previously  (58).  Adenovirus  expressing 
Foxol  under  control  of  a  CMV  promoter  (AdCMV/Foxol)  was 
constructed  by  subcloning  full-length  Foxol  cDNA  into 
pAdlox  plasmid  followed  by  CRE-mediated  recombination  as 
previously  described  (55,  56).  Expression  of  Foxol  protein  was 
confirmed  by  Western  blot  analysis  (data  not  shown).  All 
sequences  were  verified  by  automatic  DNA  sequencing. 

Transfection  and  Dual  Luciferase  Assay — Cells  were  plated 
on  35-mm  dishes  at  a  density  of  5  X  104  cells/cm2.  After  24  h, 
cells  were  transfected  with  Lipofectamine  2000  (Invitrogen) 
according  to  manufacturer’s  instructions.  Each  transfection 
contained  0.25  /xg  of  the  indicated  reporter  plasmids  plus  0.01 
pg  of  pRL-SV40,  containing  a  cDNA  for  Renilla  Reformis  lucif¬ 
erase  to  control  for  transfection  efficiency.  Cells  were  harvested 
and  assayed  using  the  Dual  Fuciferase  Assay  kit  (Promega, 
Madison,  WI)  on  a  Module™  Microplate  Multimode  Reader 
(Turner  Biosystem,  Sunnyvale,  CA).  For  all  transfection  exper¬ 
iments,  the  amount  of  plasmid  DNAs  was  balanced  as  necessary 
with  /3-galactosidase  (/3-gal)  expression  plasmid  such  that  the 
total  DNA  was  constant  in  each  group.  Experiments  were  per¬ 
formed  in  triplicates  and  repeated  3-4  times. 

Adenoviral  Infection — Adenoviral  vectors  for  /3-galactosid- 
ase  (Ad-/3-gal),  Foxol  (Ad-Foxol),  Foxol  RNAi  (Ad-Foxoli), 
or  control  RNAi  (USi)  were  described  previously  (29,  55,  56, 
59).  MC-4  cells  were  infected  with  adenovirus  as  described  pre¬ 
viously  (29,  55,  56).  Briefly,  virus  was  added  to  cells  in  1%  FBS 
and  incubated  for  1  h  at  37  °C.  Dishes  were  rotated  every  5  min 
for  the  first  15  min  to  ensure  that  all  of  the  cells  were  exposed  to 
virus.  After  1  h,  media  were  aspirated,  and  cultures  were  rinsed 
twice  with  serum-free  medium,  and  then  fresh  media  supple¬ 
mented  with  10%  FBS  were  added  to  the  dishes.  The  amount  of 
adenovirus  was  balanced  as  necessary  with  a  control  adenovirus 
expressing  /3-galactosidase  such  that  the  total  amount  was  con¬ 
stant  in  each  group. 

RNA  Isolation,  Reverse  Transcription  (RT),  Quantitative  RT- 
PCR,  and  Western  Blot  Analyses — RNA  isolation,  RT,  and 
quantitative  real-time  RT-PCR  were  performed  to  measure  the 
relative  mRNA  levels  using  SYBR  Green  kit  (Bio-Rad)  as  previ¬ 
ously  described  (46, 54, 60).  Samples  were  normalized  to  Gapdh 
expression.  The  DNA  sequences  of  mouse  primers  used  for 
real-time  PCR  were  as  follows:  Bglap2:  5 '-TAG  TGA  ACA 
GAC  TCC  GGC  GCT  A-3'  (forward),  5'-TGT  AGG  CGG  TCT 
TCA  AGC  CAT-3'  (reverse);  Runx2 :  5'-TAA  AGT  GAC  AGT 
GGA  CGG  TCC  C-3'  (forward),  5'-TGC  GCC  CTA  AAT  CAC 
TGA  GG-3'  (reverse);  Gapdh-.  5'-CAG  TGC  CAG  CCT  CGT 
CCC  GTA  GA-3'  (forward),  5'-CTG  CAA  ATG  GCA  GCC 
CTG  GTG  AC-3'  (reverse).  Western  blot  analysis  was  per¬ 
formed  as  previously  described  (46,  54).  Antibodies  used  in  this 
study  were  from  the  following  sources:  antibodies  against 
Foxol,  Runx2,  HA,  anti-IGFl  neutralizing  antibody,  normal 
control  IgG,  and  anti-rabbit  or  anti-mouse  antibodies  conju¬ 
gated  with  horseradish  peroxidase  from  Santa  Cruz  Biotech- 
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nology,  Inc.,  and  mouse  monoclonal  antibody  against  /3-actin 
and  M2  antibody  from  Sigma  Aldrich. 

Nuclear  Extracts  (NE)  Preparation  and  Electrophoretic 
Mobility  Shift  Assay  (EMSA) — Nuclear  extracts  were  prepared 
from  rat  UMR106-01  osteosarcoma  cells,  which  express  high 
level  of  Runx2  protein,  and  EMSA  was  performed  as  previously 
described  (21,  31).  GST-Runx2,  GST-Foxol,  and  GST  proteins 
were  purified  using  the  Bulk  GST  Purification  Module  kit  (GE 
Healthcare/Amersham  Biosciences)  as  previously  described 
(46).  The  DNA  sequences  of  the  oligonucleotides  used  for 
EMSA  were  as  follows:  OSE2  (Runx2  binding  site)  (49):  5-GAT 
CCG  CTG  CAA  TCA  CCA  ACC  ACA  GCA-3.  IRE  (Insulin 
Response  Element  that  contains  a  Foxol  binding  site)  (55): 
5-TGT  AGT  TTG  TTT  TGT  TTT  GTT  GGC  ATG-3.  DNA 
oligonucleotide  was  labeled  using  a  biotin  3 '-end  DNA  labeling 
kit  (cat:  89818,  Pierce  Biotechnology  Inc.).  2  ju,g  of  nuclear 
extracts  and  20  fmol  biotin-labeled  DNA  probe  were  incubated 
in  the  presence  and  absence  of  indicated  amounts  of  purified 
GST-Foxol  or  GST  protein  in  lx  binding  buffer  for  30  min  at 
room  temperature.  For  supershift  assay,  1  qg  of  IgG  or  anti- 
Runx2  antibody  was  first  incubated  with  nuclear  extracts  prior 
to  addition  of  DNA  probe.  Protein-DNA  complexes  were  sep¬ 
arated  on  4%  polyacrylamide  gels  in  0.5  X  TBE  buffer,  and 
transferred  onto  Biodyne  B  Nylon  Membrane  (cat:  77016, 
Pierce).  The  membrane  was  blocked  in  IX  blocking  buffer, 
washed  five  times  with  IX  wash  buffer,  and  visualized  by  a 
Chemiluminescent  Nucleic  Acid  Detection  Module  (cat: 
89880,  Pierce). 

Immunoprecipitation  (IP)  and  Chromatin  Immunoprecipita- 
tion  (ChIP)  Assays — Whole  cell  extracts  and  purified  GST 
fusion  proteins  were  used  for  immunoprecipitation  using  spe¬ 
cific  antibodies  as  previously  described  (46).  ChIP  assays  were 
performed  as  described  previously  (21,  46).  Briefly,  the  equiva¬ 
lent  of  10  /xg  of  DNA  was  used  as  starting  material  (input)  in 
each  ChIP  reaction  with  2  qg  of  the  appropriate  antibody 
(Runx2  or  control  rabbit  IgG).  Fractions  of  the  purified  ChIP 
DNA  (5%)  or  inputs  (0.02-0.05%)  were  used  for  PCR  analysis. 
The  reaction  was  performed  with  AmpliTaq  Gold  DNA  Poly¬ 
merase  (Applied  Biosystems)  for  30  cycles  of  15  s  at  95  °C,  30  s 
at  60  °C,  and  15  s  at  72  °C.  PCR  primer  pairs  were  generated  to 
detect  DNA  segments  located  near  the  Runx2-binding  site  at 
~137/  — 131  (primers  PI  and  P2)  and  the  Bglap2  cDNA  region 
(primers  P3  and  P4)  (46).  The  PCR  products  were  separated  on 
3%  agarose  gels  and  visualized  with  ultraviolet  light.  All  ChIP 
assays  were  repeated  at  least  three  times. 

Statistical  Analysis — Results  were  expressed  as  means  ± 
standard  deviation  (S.D.).  Students’  t  test  was  used  to  test  for 
differences  between  two  groups.  Differences  with  a  p  <  0.05 
was  considered  as  statistically  significant.  All  experiments  were 
repeated  a  minimum  of  three  times  with  triplicate  samples. 

RESULTS 

Foxol  Decreases  Bglap2  Expression  and  Promoter  Activity 
and  Runx2-dependent  Transcriptional  Activity — To  determine 
the  effect  of  Foxol  on  Bglap2  expression  in  osteoblasts, 
MC3T3-E1  subclone  4  (MC-4)  preosteoblasts  were  infected 
with  equal  amount  of  adenovirus  expression  vectors  for  Foxol 
(Ad-Foxol)  or  /3-galactosidase  (Ad-jB-gal),  followed  by  RNA 


D  E 


Runx2(//g):  +  Runx2(*/g):  0.5  0.5  0.5  0.5 

Foxol  (/jg):  -  -  0.5  1.0  1.5  Foxo1(/xg):  -  0.5  1.0  1.5 


FIGURE  1.  Foxol  inhibits  osteocalcin  expression  and  Bglap2  promoter 
activity  and  Runx2-dependent  transcriptional  activity.  A,  MC3T3E-1  cells 
were  infected  with  and  without  adenovirus  expressing  Foxol.  Adenovirus 
expressing  j3-galactosidase  was  used  as  control.  Cells  were  then  differenti¬ 
ated  in  AA-containing  a-MEM  media  for  5  days,  followed  by  quantitative  real¬ 
time  RT/PCR  for  Bglap2  and  Runx2  mRNAs,  which  were  normalized  to  Gapdh 
mRNA.  *,  p  <  0.05,  versus  Ad-j3-gal.  6  and  C,  COS-7  cells  were  transiently 
transfected  with  6XRUNX2-LUC,  6XRUNX2mt-LUC  (8)  in  which  the  Runx2- 
binding  sequence  was  mutated,  or4XATF4-LUC  (Q,  pRL-SV40  (for  normaliza¬ 
tion),  and  Runx2  expression  plasmid  with  and  without  Foxol  expression  plas¬ 
mid.  j3-Galactosidase  expression  plasmid  was  used  as  control.  After  48  h,  cells 
were  harvested  for  dual  luciferase  assay.  Firefly  luciferase  was  normalized  to 
Rotylenchulus  reniformis  luciferase  to  control  the  transfection  efficiency.  *,p  < 
0.05,  versus  0  pg  Foxol;  #,p  <  0.05,  versus  wt.  D,  COS-7  cells  were  transfected 
with  6XRUNX2-LUC  and  pRL-SV40  and  increasing  amounts  of  Foxol  plasmid 
with  and  without  Runx2  expression  plasmid.  *,  p  <  0.05,  versus  Runx2. 
E,  COS-7  cells  were  transfected  with  BGLAP2-LUC  or  BGLAP2mt-LUC  in  which 
two  previously  defined  Runx2-binding  sites  were  mutated  (29),  pRL-SV40, 
and  FLAG-Runx2  plasmid  with  and  without  increasing  amounts  of  Foxol 
expression  plasmid.  *,p  <  0.05,  versus  0  pg  Foxol ;  #,  p  <  0.05,  versus  wt. 


preparation  and  quantitative  real-time  RT/PCR  for  Bglap2  and 
Runx2  mRNAs,  which  were  normalized  to  Gapdh  mRNA.  Con¬ 
sistent  with  the  result  from  a  recent  study  (48),  adenoviral  over¬ 
expression  of  Foxol  dramatically  reduced  the  level  of  Bglap2 
mRNA  in  the  MC-4  cells  (Fig.  L4).  Surprisingly,  Foxol  did  not 
alter  the  mRNA  level  of  Runx2,  a  major  upstream  transcrip¬ 
tional  activator  of  the  Bglap2  (25,  26,  49,  61).  A  similar  result 
was  observed  in  rat  UMR106  -01  osteoblast-like  cells  (data  not 
shown).  Therefore,  we  next  evaluated  whether  Foxol  modu¬ 
lated  Runx2  activity.  To  this  end,  COS-7  cells  were  co-trans- 
fected  with  6XRUNX2-FUC,  previously  known  as  p60SE2-luc, 
a  reporter  plasmid  containing  6  copies  of  OSE2  (osteoblast- 
specific  element  2,  a  well-defined  Runx2-response  element 
(49))  upstream  of  a  minimal  34  bp  Bglap2  promoter  (19, 25,  31), 
pRL-SV40  (for  normalization),  and  pCMV/Runx2  with  and 
without  expression  vector  for  Foxol.  For  these  studies,  we  used 
COS-7  cells  because  they  contain  undetectable  levels  of  endog¬ 
enous  Runx2  and  Foxol  proteins  (20)  and  data  not  shown).  As 
shown  in  Fig.  1 B,  Foxol  significantly  reduced  the  Runx2-de- 
pendent  transcriptional  activity.  The  repression  was  totally  lost 
with  mutations  in  the  Runx2  DNA  binding  core  sequence  from 
AACCACA  to  AAGAACA  in  the  reporter  plasmid,  which  abol¬ 
ishes  Runx2  DNA  binding  (29).  Foxol  inhibition  of  Runx2  is 
specific  because  Foxol  did  not  suppress  ATF4  (activating  tran¬ 
scription  factor  4)-dependent  OSE1  (osteoblast-specific  ele- 
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FIGURE  2.  Foxol  physically  interacts  with  Runx2. 4  and  6,  IP  assays  using 
nuclear  extracts  from  UMR1 06-01  osteoblast-like  cells  (4)  or  from  COS-7  cells 
overexpressing  Foxol  and  Runx2  (6).  Extracts  were  immunoprecipitated  with 
control  rabbit  IgG  or  indicated  antibodies,  followed  by  Western  blot  analysis 
using  respective  antibodies.  C,  IP  assays  using  GST  fusion  proteins.  Mixture  of 
purified  GST-Foxol,  GST-Runx2  or  GST  proteins  was  immunoprecipitated  by 
control  IgG  ( lanes  1,  3,  5,  and  7),  Foxol  antibody  ( lanes  2  and  6)  or  Runx2 
antibody  (lanes  4  and  8),  followed  by  Western  blot  for  Runx2  ( lanes  1  and  2), 
Foxol  ( lanes  3  and  4)  or  GST  ( lanes  5-8). 


ment  1,  an  ATF4-response  element  from  the  Bglap2  promoter 
(49))  activity  (Fig.  1C).  Further  supporting  the  specificity  of  this 
regulation,  Foxol  had  no  effect  on  basal  promoter  activity  in 
the  absence  of  Runx2  (Fig.  ID).  As  shown  in  Fig.  1£,  Foxol  also 
inhibited  the  657-bp  Bglap2  promoter  activity,  which  was 
dependent  upon  the  presence  of  the  intact  Runx2  DNA  binding 
sites  in  the  promoter.  The  result  with  the  657-bp  Bglap2  pro¬ 
moter  is  of  particular  significance  because  this  promoter  frag¬ 
ment  contains  sufficient  information  to  direct  osteoblast-spe¬ 
cific  expression  in  transgenic  mice  (62).  Notably,  high 
concentration  of  Foxol(1.5  pig)  slightly,  but  significantly,  inhib¬ 
ited  the  luciferase  activity  driven  by  the  657-bp  Bgalp2  pro¬ 
moter  in  which  the  Runx2  DNA  binding  sites  were  mutated, 
indicating  that  a  small  part  of  Foxol  inhibition  of  the  promoter 
activity  is  Runx2 -independent.  Collectively,  these  results  dem¬ 
onstrate  that  Foxol  suppresses  Bglap2  gene  expression,  at  least 
in  part,  through  Runx2  inhibition. 

Foxol  Physically  Interacts  with  Runx2 — To  define  the  molec¬ 
ular  mechanism  through  which  Foxol  inhibits  Runx2,  we  next 
determined  whether  Foxol  interacted  with  Runx2  by  perform¬ 
ing  immunoprecipitation  (IP)  assays  using  nuclear  extracts 
from  the  rat  UMR106-01  osteoblastic  cells.  As  shown  in  Fig. 
2 A,  Runx2  protein  was  present  in  an  anti-Foxol  antibody 
immunoprecipitate  ( lanes  1  and  2).  Reciprocal  IP  assay  showed 
that  an  anti-Runx2  antibody,  but  not  control  IgG,  immunopre¬ 
cipitated  the  Foxol  protein  ( lanes  3  and  4).  As  expected,  ATF4 
protein,  a  known  Runx2-interacting  factor  (29),  was  present  in 
the  anti-Runx2  antibody  immunoprecipitate  ( lanes  5  and  6).  In 
contrast,  an  NFATcl  antibody  failed  to  immunoprecipitate 
Runx2  ( lanes  7  and  8).  As  shown  in  Fig.  2 B,  Foxol  and  Runx2 
can  also  be  co-immunoprecipitated  from  COS-7  cells  exoge¬ 


nously  expressing  both  factors.  To  determine  if  Foxol  directly 
interacted  with  Runx2  in  the  absence  of  other  nuclear  proteins, 
we  conducted  IP  assays  using  purified  GST-Foxol  and  GST- 
Runx2  and  GST  proteins.  As  shown  in  Fig.  2C,  GST-Runx2 
protein  was  immunoprecipitated  by  an  anti-Foxol  antibody 
[lanes  1  and  2)  and,  vice  versa,  GST-Foxol  was  immunoprecipi¬ 
tated  by  an  anti-Runx2  antibody  [lanes  3  and  4).  In  contrast, 
GST  protein  was  not  immunoprecipitated  by  antibodies  against 
Runx2  or  Foxol  or  normal  IgG  [lanes  5- 8),  thus  demonstrating 
a  direct  interaction  between  Foxol  and  Runx2. 

Deletion  Analysis  of  the  Runx2  cDNA — To  identify  the 
Foxol-binding  domain  within  the  Runx2  molecule,  COS-7  cells 
were  co-transfected  with  the  Foxol  expression  plasmid  and  wt 
FLAG-Runx2  or  various  FLAG-Runx2  C-terminal  deletion 
mutant  expression  vectors.  Forty  hours  later,  nuclear  extracts 
were  prepared  for  IP  using  an  anti-Foxol  antibody,  followed  by 
Western  blot  analysis  using  a  M2  antibody.  As  shown  in  Fig.  3 B, 
deletion  of  Runx2  from  amino  acid  528  (wt)  to  amino  acid  258 
did  not  abolish  the  Foxol  binding.  This  result  was  confirmed  by 
the  reciprocal  IP  using  a  M2  antibody,  followed  by  Western  blot 
for  Foxol  (Fig.  3 C).  As  shown  in  Fig.  3 E,  the  deletion  of  the 
N-terminal  242  amino  acid  of  Runx2  did  not  reduce  its  ability  to 
bind  to  Foxol.  However,  further  deletion  from  amino  acid  242 
to  amino  acid  326  completely  abrogated  the  Foxol-Runx2 
interaction.  Collectively,  these  results  suggest  that  the  amino 
acid  242-258  region  of  Runx2  is  critical  for  interaction  with 
Foxol. 

Deletion  Analysis  of  the  Foxol  cDNA — Several  C-terminal 
Foxol  deletion  mutant  expression  vectors  were  generated  and 
tested  for  their  ability  to  suppress  Runx2  activity  in  COS-7  cells. 
As  shown  in  Fig.  4 A  [top),  the  deletion  of  Foxol  cDNA  from 
amino  acids  653  (wt)  to  456  did  not  alter  its  inhibition  of  Runx2 
activity.  However,  further  deletion  from  amino  acids  456  to  360 
completely  abolished  its  Runx2  inhibitory  activity.  As  shown  in 
Fig.  4A  [bottom),  Western  blot  analysis  showed  that  both  wt 
and  mutant  Foxol  proteins  were  expressed  at  comparable  lev¬ 
els.  Likewise,  co-expression  of  wt  or  mutant  Foxol  expression 
vectors  did  not  markedly  alter  the  level  of  Runx2  protein.  Con¬ 
sistent  with  the  results  from  the  functional  study,  IP  assays 
revealed  that  the  deletion  from  amino  acids  456  to  360  of  Foxol 
also  abolished  the  Foxol-Runx2  interaction  (Fig.  4,  B  and  C). 
These  results  suggest  that  the  C-terminal  region  (amino  acids 
360-456)  is  essential  for  Foxol  to  bind  to  and  inhibit  Runx2 
activity. 

Foxol  Inhibits  Runx2  Binding  to  Its  Cognate  Site  (OSE2) 
within  the  Bglap2  Promote) — To  study  the  mechanism  whereby 
Foxol  inhibits  Runx2  as  demonstrated  above,  we  next  deter¬ 
mined  whether  Foxol  affected  Runx2  DNA  binding  activity  by 
performing  EMSA  using  the  wild-type  (wt)  OSE2  (Osteoblast- 
Specific  Element  2)  oligo,  a  well-established  Runx2  binding  ele¬ 
ment  from  the  Bglap2  promoter  (49),  as  probe  and  2  pg  of 
nuclear  extracts  (NE)  from  UMR106-01  cells  in  the  presence 
and  absence  of  increasing  amounts  of  purified  GST-Foxol  pro¬ 
tein.  As  shown  in  Fig.  5 A,  while  GST-Foxol  protein  itself  did 
not  bind  to  the  OSE2  oligo  [lane  6),  it  dose-dependently  inhib¬ 
ited  the  binding  of  Runx2  to  the  OSE2  oligo  [lanes  3-5).  This 
inhibition  was  specific  because  the  GST  protein  neither  altered 
the  Runx2  DNA  binding  activity  [lanes  7  and  8)  nor  bound  to 
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FIGURE  3.  Deletion  analysis  of  the  Runx2  cDNA.  A  schematic  showing  the  domain  structure  of  Runx2  and  the  C-terminal  deletion  mutants.  Runx2  contains 
three  transcriptional  activation  domains  (ADI,  2,  3),  a  transcriptional  repression  domain  (RD)  containing  a  VWRPY  motif  at  C-terminal,  a  RUNT  domain 
responsible  for  DNA  binding,  a  nuclear  localization  sequence  (NLS),  and  a  large  C-terminal  PST  domain  which  is  rich  in  serine/threonine/tyrosine  residues.  6  and 
C,  whole  cell  extracts  from  COS-7  cells  cotransfected  with  expression  vectors  for  Foxol  and  wt  FLAG-Runx2  or  various  FLAG-Runx2  C-terminal  deletion  mutants 
(amino  acid  1-410,  amino  acid  1-330,  amino  acid  1-286,  and  amino  acid  1-258)  were  immunoprecipitated  with  Foxol  antibody,  followed  by  Western  blot 
using  M2  antibody  (8).  In  reciprocal  IP,  the  same  extracts  were  immunoprecipitated  with  control  IgG  ( lane  1)  or  M2  antibody  (lanes  2-6),  followed  by  Western 
blot  using  Foxol  antibody  (Q.D,  schematic  showing  the  domain  structure  of  Runx2  and  its  N-terminal  deletion  mutants.  E,  whole  cell  extracts  from  COS-7  cells 
cotransfected  with  expression  vectors  for  Foxol  and  wt  HA-Runx2  or  various  FIA-Runx2  N-terminal  deletion  mutants  (AA/97,  AA/242,  and  AN326)  were  immu¬ 
noprecipitated  with  control  IgG  ( lane  1)  or  Foxol  antibody  ( lanes  2-5),  followed  by  Western  blot  using  HA  antibody. 
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FIGURE  4.  Deletion  analysis  of  the  Foxol  cDNA.  A,  COS-7  cells  were  tran¬ 
siently  transfected  with  6XRUNX2-LUC  and  pRL-SV40  with  and  without  Runx2 
plasmid  as  well  as  with  and  without  wt  or  various  deletion  mutant  Foxol 
plasmids  (amino  acids  1-558,  amino  acids  1-456,  amino  acids  1-360,  and 
amino  acids  1-258),  followed  by  dual  luciferase  assay  (fop)  and  Western  blot 
(bottom).  *,  p  <  0.05,  versus  0  jug  Foxol .  8  and  C,  whole  cell  extracts  from 
COS-7  cells  overexpressing  FLAG-Runx2  and  wt  or  two  C-terminal  deletion 
Foxol  mutants  (amino  acids  1-558  and  amino  acids  1-360)  were  immuno- 
precipitated  with  control  IgG  ( lane  1)  or  M2  antibody  (lanes  2-4),  followed  by 
Western  blot  using  an  anti-Foxol  antibody  (8).  In  reciprocal  IP,  the  same 
extracts  were  immunoprecipitated  with  control  IgG  (lane  1)  or  Foxol  anti¬ 
body  (lanes  2-4),  followed  by  Western  blot  using  a  M2  antibody  (Q. 


the  OSE2  DNA  itself  ( lane  9).  In  contrast,  purified  GST-Runx2 
or  GST  did  not  inhibit  the  binding  of  Foxol  to  its  cognate  site 
(Fig.  5 C).  The  existence  of  Runx2  or  Foxol  in  the  shifted  DNA- 
protein  complexes  was  confirmed  by  antibody  analyses  that 
either  supershifted  the  complex  (anti-Runx2  antibody,  Fig.  5 B) 
or  reduced  the  complex  (anti-Foxol  antibody,  Fig.  5 D),  in  con¬ 
trast  to  the  control  IgG. 

IGF1  Prevents  Foxol  from  Inhibiting  Runx2  in  Osteoblasts — 
IGF1  or  insulin  phosphorylates  Foxol  through  the  PI3I<-de- 
pendent  pathway,  which  results  in  Foxol  nuclear  exclusion  in 
many  cell  types  (1,  2,  6).  To  determine  whether  this  also  occurs 
in  osteoblasts,  MC-4  cells  were  electroporated  with  expression 


plasmids  for  Foxol-GFP  or  GFP  proteins  as  previously 
described  (63).  Thirty  hours  later,  cells  were  treated  with  and 
without  10  ng/ml  mouse  recombinant  IGF1  or  100  nM  insulin 
for  the  indicated  times.  As  shown  in  Fig.  6 A,  top  and  middle, 
GFP-Foxol  protein  was  rapidly  translocated  from  the  nucleus 
to  the  cytoplasm  0.5-1  h  after  IGF1  or  insulin  addition  to  the 
MC-4  cells,  which  contain  a  high  level  of  endogenous  Runx2 
(12,  20).  Conversely,  IGF1  treatment  did  not  alter  subcellular 
distribution  of  the  GFP  protein  in  the  same  cells  (Fig.  6 A,  bot¬ 
tom).  A  similar  result  was  observed  in  insulin-treated  MC-4 
cells  (data  not  shown).  Based  on  these  observations,  we  rea¬ 
soned  that  IGF1  or  insulin  should  abolish  or  reduce  Foxol  inhi¬ 
bition  of  Runx2  by  phosphorylation  and  subsequent  transloca¬ 
tion  of  Foxol  to  the  cytoplasm  from  the  nucleus  where  Runx2  is 
located  and  activates  Bglap2  transcription.  To  test  this,  MC-4 
cells  were  co-transfected  with  6XRUNX2-FUC  (Fig.  6B)  or 
BGFAP2-FUC  (Fig.  6 C)  and  pRF-SV40  with  and  without 
expression  vector  for  Foxol.  Twenty  hours  later,  cells  were 
treated  with  and  without  10  ng/ml  IGF1  as  well  as  with  and 
without  0.5  pg/ml  of  IGF1  neutralizing  antibody  or  control  IgG 
for  6  h,  followed  by  dual  luciferase  assay.  Importantly,  Foxol- 
mediated  inhibition  of  Runx2  activity  was  completely  reversed 
by  the  addition  of  IGF1  (Fig.  6 B)  or  insulin  (Fig.  7E).  Further¬ 
more,  the  effect  of  IGF1  was  completely  blocked  by  the  addition 
of  a  specific  IGF1  neutralizing  antibody,  but  not  by  the  control 
IgG.  A  similar  result  was  obtained  when  the  657-bp  BGFAP2- 
FUC  was  used  in  MC-4  cells  (Fig.  6 C).  The  IGF1  neutralizing 
antibody  significantly  diminished  the  level  of  Bglap2  but  not 
Runx2  mRNAs  in  the  MC-4  cells  (Fig.  6 D  and  E),  which  sug¬ 
gests  that  endogenous  IGF1  signaling,  probably  via  an  auto¬ 
crine  mechanism,  plays  a  critical  role  for  maintaining  the 
Bglap2  mRNA  expression  in  osteoblasts.  Taken  together,  these 
results  suggest  that  IGF  1/insulin  favors  Bglap2  expression 
probably  by  preventing  Foxol  from  inhibiting  Runx2  in 
osteoblasts. 

IGF1  Increases  Runx2  Interaction  with  the  Bglap2  Promoter 
in  a  PI3K/AKT-dependent  Manner  in  the  MC-4  Cells — To 
determine  whether  Runx2  associates  with  the  endogenous 
Bglap2  promoter  in  vivo,  we  performed  ChIP  assays  using 
MC-4  cells  with  and  without  IGF1  treatment  for  the  indicated 
times.  Consistent  with  our  previous  observation  (46),  Runx2 
specifically  interacted  with  a  chromatin  fragment  of  the  proxi¬ 
mal  Bglap2  promoter  that  contains  the  Runx2 -binding  site 
(primers  P1/P2)  (Fig.  7 A).  Importantly,  this  interaction  was 
markedly  stimulated  by  IGF1  treatment.  In  contrast,  Runx2 
antibody  failed  to  immunoprecipitate  a  3'  chromatin  fragment 
from  the  transcribed  region  of  the  Bglap2  that  contains  no 
Runx2-binding  sites  (primers  P3/P4)  (46)  (Fig.  1A,  bottom). 
Further,  the  IGFl-induced  increase  in  Runx2  binding  to  the 
Bglap2  promoter  was  abolished  by  treatment  with  FY294002,  a 
specific  inhibitor  of  the  PI3K/AKT  pathway  (Fig.  7 B).  We  next 
determine  the  effect  of  Foxol  knockdown  on  Runx2  interaction 
with  the  Bglap2  promoter  in  MC-4  cells.  Adenoviral  overex¬ 
pression  of  a  mouse  Foxol  RNAi  (Foxoli)  dramatically  reduced 
the  level  of  Foxol  protein  in  MC-4  cells  (supplemental  Fig.  S3). 
As  shown  in  Fig.  7 C,  knockdown  of  Foxol  markedly  increased 
Runx2  binding  to  the  Bglap2  promoter.  As  shown  in  Fig.  ID,  the 
PI3K/AKT  inhibition  abrogated  IGFl-induced  reversal  of 
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FIGURE  5.  Foxol  inhibits  Runx2  binding  to  the  OSE2  DNA.  A,  EMSA.  Labeled  OSE2  DNA  probe  was  incubated  with  2  pg  of  nuclear  extracts  (NE)  from 
UMR1 06-01  cells  in  the  presence  and  absence  of  indicated  amounts  of  purified  GST-Foxol  or  GST  proteins.  B,  super  gel  shift  assay.  Labeled  OSE2  DNA  probe 
was  incubated  with  2  jag  of  nuclear  extracts  from  UMR1 06-01  cells  in  the  presence  of  Runx2  antibody  (lane  3)  or  control  IgG  (lane  4).  C,  EMSA.  Labeled  IRE  DNA 
probe  was  incubated  with  2  pg  of  NE  from  UMR1 06-01  cells  in  the  presence  and  absence  of  indicated  amounts  of  purified  GST-Runx2  or  GST  proteins.  C,  super 
gel  shift  assay.  Labeled  IRE  DNA  probe  was  incubated  with  2  pg  nuclear  extracts  from  UMR1 06-01  cells  in  the  presence  of  Foxol  antibody  (lane  3)  or  control  IgG 
(lane  4). 


FIGURE  6.  Effects  of  IGF1  and  IGF1  neutralizing  antibody  on  Foxol  inhi¬ 
bition  of  Runx2  activity  and  Bglap  expression  in  MC-4  cells.  A,  MC-4  cells 
were  transfected  with  Foxol -GFP  or  GFP  expression  plasmids  and  treated 
with  and  without  IGF1  (10  ng/ml)  or  insulin  (100  mvi)  for  the  indicated 
times.  Images  were  captured  by  using  a  Olympus  1 X70  fluorescent  micro¬ 
scope  (Olympus  1X70;  Olympus  America,  Inc.,  Melville,  NY)  attached  a 
digital  camera  (original  magnification,  XI 00).  6  and  C,  MC-4  cells  were 
transfected  with  6XRUNX2-LUC  (B)  or  BGLAP2-LUC  (Q  and  pRL-SV40  with 
and  without  Foxol  expression  plasmid  and  treated  with  and  without  10 
ng/ml  IGF1  as  well  as  with  and  without  0.5  jng/ml  IGF1  neutralizing  anti¬ 
body  for  24  h,  followed  by  dual  luciferase  assay.  *,  p  <  0.05,  versus  0  pg 
Foxol .  D  and  E,  MC-4  cells  were  treated  with  and  without  0.5  jng/ml  IGF1 
neutralizing  antibody  for  24  h,  followed  by  quantitative  real-time  RT/PCR 
for  Bglap2  and  Runx2  mRNAs,  which  were  normalized  to  Gapdh  mRNA.  *, 
p  <  0.05,  versus  0  pg  IGF1. 


Foxol  inhibition  of  Runx2  activity.  Foxol  is  phosphorylated  at 
three  highly  conserved  phosphorylation  sites  (Thr-24,  Ser-256, 
and  Ser-319)  through  the  PI3I</AI<T-dependent  pathway, 
resulting  in  its  nuclear  exclusion  and  inhibition  of  target  gene 
expression  (1,  2,  6).  To  further  study  the  role  of  the  PI3K/AKT 
pathway  in  Foxol  modulation  of  Runx2  activity,  we  compared 
the  effects  of  wt  Foxol  and  a  mutant  Foxol(3A),  in  which  the 
PI3K/AI<T-dependent  phosphorylation  sites  were  mutated 
from  either  Thr  or  Ser  to  Ala,  on  Runx2  activity  in  the  presence 
and  absence  of  IGF1  or  insulin.  Significantly,  in  contrast  to 
result  from  the  wt  Foxol  group,  neither  IGF1  nor  insulin  pre¬ 
vented  the  mutant  Foxo  1(3 A)  from  inhibiting  Runx2  in  the 
MC-4  cells  (Fig.  7 E). 

DISCUSSION 

This  study  identifies  Foxol  as  a  negative  regulator  of  the 
bone  transcription  factor  Runx2  in  osteoblasts.  Foxol  physi¬ 
cally  interacts  with  Runx2  and  inhibits  Runx2  activity  and 
decreases  expression  of  the  Bglap2  gene  encoding  osteocalcin 
Most  importantly,  we  demonstrated  that  both  IGF1  and  insu¬ 
lin,  which  phosphorylate  and  export  Foxol  from  the  nucleus  to 
the  cytoplasm,  prevent  Foxol  from  inhibiting  Runx2  and 
increase  Runx2  activity,  thereby  favoring  osteocalcin  expres¬ 
sion,  an  osteoblast-secreted  hormone  that  plays  a  critical  role  in 
regulating  glucose  metabolism  via  its  actions  in  /3-cells  in  the 
pancreas. 

Results  from  the  present  study  established  that  Foxol  indi¬ 
rectly  down-regulates  osteocalcin  expression,  at  least  in  part,  by 
inhibiting  Runx2,  a  major  upstream  transcriptional  activator  of 
the  Bglap2  gene  in  osteoblasts.  Foxol  interaction  with  Runx2  in 
osteoblasts,  or  when  coexpressed  in  COS-7  cells,  requires  the 
presence  of  the  Foxol  C-terminal  360-456  amino  acid  region 
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FIGURE  7.  IGF1  increases  Runx2  interactions  with  the  Bglap2  promoter  in  a  PI3K/AKT-dependent  manner.  A,  ChIP  assay  of  the  Bglap2  promoter  in  MC-4 
cells.  Cells  were  incubated  with  and  without  10  ng/ml  IGF1  for  the  indicated  times,  followed  by  ChIP  assay  using  a  Runx2  antibody  or  a  control  IgG.  B,  PI3K/AKT 
inhibition  blocks  IGF1 -induced  interactions  of  Runx2  with  the  Bglap2  promoter.  MC-4  cells  were  pre-treated  with  and  without  10  jng/ml  LY294002  for  2  h  and 
further  incubated  with  and  without  10  ng/ml  IGF1  and  10  jng/ml  LY294002  for  another  2  h,  followed  by  ChIP  assay  using  a  Runx2  antibody  or  a  control  IgG. 
C,  RNAi  knockdown  of  Foxol  increases  Runx2  interaction  with  the  Bglap2  promoter  in  MC-4  cells.  Cells  were  infected  with  equal  amount  of  adenoviral  vectors 
for  Foxol  RNAi  (Foxol  i)  or  control  RNAi  (USi).  48  h  later,  cells  were  harvested  for  ChIP  assay  using  a  Runx2  antibody  or  a  control  IgG.  D,  LY294002  inhibition  of 
IGF1  activation  of  Runx2  activity.  MC-4  cells  were  transfected  with  6XRUNX2  and  pRL-SV40  with  and  without  Foxol  expression  plasmid  and  treated  with  and 
without  10  ng/ml  IGF1  as  well  as  with  and  without  10  jng/ml  LY294002  for  12  h,  followed  by  dual  luciferase  assay.  *,p  <  0.05,  versus  veh.  E,  insulin/IGFI  fail  to 
prevent  Foxol  (3A)  from  inhibiting  Runx2.  MC-4  cells  were  transfected  with  6XRUNX2-LUC  and  pRL-SV40  with  and  without  Foxol  (wt)  and  Foxol  (3A)  and 
treated  with  and  without  10  ng/ml  IGF1  or  insulin  (100  nM),  followed  by  dual  luciferase  assay.  *,p<  0.05,  versus  0  pg  Foxol;  #,  p  <  0.05,  versus  veh. 


(96  amino  acids)  and  the  242-258  amino  acid  (17  amino  acids) 
region  of  Runx2.  Using  highly  purified  GST-fusion  proteins  in 
pull-down  assays,  we  were  able  to  demonstrate  a  direct  physical 
interaction  between  Foxol  and  Runx2  proteins  in  vitro.  Addi¬ 
tionally,  EMSA  clearly  revealed  that  purified  GST-Foxol,  but 
not  GST,  dose-dependently  inhibited  Runx2  binding  to  its  cog¬ 
nate  site  within  the  Bglap2  promoter.  Therefore,  our  results 
demonstrate  a  novel  molecular  mechanism  through  which 
Foxol  modulates  Runx2  activity  and  thereby  Bglap2  expression 
in  osteoblasts.  It  should  be  noted  that  Foxol  also  decreases 
osteocalcin  function  by  altering  the  carboxylation  state.  It  is  the 
uncarboxylated  form  of  circulating  osteocalcin  that  plays  a  crit¬ 
ical  role  in  regulating  glucose  homeostasis  {i.e.  enhanced  insu¬ 
lin  secretion  by  /3-cells,  insulin  sensitivity  and  energy  expendi¬ 
ture)  (47).  Foxol  increases  the  expression  of  Esp  (48),  a  gene 
that  encodes  a  protein  called  protein  tyrosine  phosphatase 
(OST-PTP),  which  decreases  the  function  of  the  osteocalcin 
protein  by  increasing  its  carboxylation  through  an  as-yet-un- 
known  mechanism  (47).  Therefore,  Foxol  regulates  both 
osteocalcin  expression  and  function. 

A  recent  study  showed  that  Foxol  interacted  with  the  Bglap2 
promoter  and  the  first  intron  region  as  demonstrated  by  ChIP 
assay  in  primary  osteoblast  cultures  (48).  However,  potential 
Foxol  DNA  binding  site(s)  in  the  Bglap2  promoter  were  not 
identified  and  characterized  in  this  study.  Our  study  clearly 
established  that  Foxol  inhibits  Bglap2  expression,  at  least  in 
part,  via  Runx2,  a  well-established  transcriptional  activator  of 
the  Bglap2  gene,  and  intact  Runx2  DNA  binding  sites  in  the 
Bglap2  promoter. 


Insulin  signaling  in  osteoblasts  was  recently  shown  to  be  crit¬ 
ical  for  postnatal  bone  acquisition  and  remodeling  (10, 11).  Ful- 
zele  et  al.  (10)  recently  showed  that  the  insulin  receptor  (IR)  is 
expressed  in  osteoblasts  and  that  osteoblast-specific  deletion  of 
the  IR  severely  impairs  osteoblast  differentiation.  Mice  lacking 
the  IR  in  osteoblasts  have  reduced  bone  mass  with  increased 
adiposity  and  insulin  resistance.  Importantly,  this  study  further 
revealed  that  the  metabolic  dysregulation  in  these  mice  was 
caused  by  reduced  osteocalcin  expression/ function.  Our  results 
from  the  present  study  suggest  that  insulin  favors  osteocalcin 
expression  by  preventing  Foxol  from  inhibiting  Runx2,  a  key 
activator  of  the  Bglap2  gene.  This  notion  is  strongly  supported 
by;  (i)  the  well-established  role  of  IGF  1/insulin  signaling  via  the 
PI3K/AKT  pathway  that  phosphorylates  and  exports  Foxol 
from  the  nucleus  to  the  cytoplasm,  where  it  binds  to  14-3-3 
proteins;  (ii)  Foxol  inhibition  of  Runx2  activity  and  Bglap2 
expression  was  completely  prevented  by  IGF1  treatment  in 
osteoblasts,  which  expresses  both  the  IR  and  IGF1  receptors; 
(iii)  IGF1  neutralizing  antibody  reduced  Runx2  activity  and 
Bglap2  expression  in  osteoblasts;  and  (iv)  IGF1  increased 
Runx2  interaction  with  the  Bglap2  promoter  in  osteoblasts, 
which  was  abolished  by  PI3K/AKT  inhibition.  Interestingly,  IR 
deficiency  in  osteoblasts  caused  increased  expression  of  Twist2, 
a  known  Runx2  inhibitor  (45).  However,  the  molecular  mecha¬ 
nism  whereby  insulin  signaling  modulates  the  expression  of 
Twist2  is  still  unknown.  Additionally,  IGF1  and  probably  insu¬ 
lin  were  shown  to  activate  Runx2  activity  via  the  Erkl/2  MAPI< 
pathway  (30),  a  major  signaling  route  in  osteoblasts  (14,  19). 
Erkl/2  phosphorylation  sites  in  Runx2  were  recently  identified 
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FIGURE  8.  Molecular  model  of  Foxol  and  IGF1 /insulin  regulation  of 
osteocalcin  expression.  In  osteoblasts,  in  the  absence  of  IGF1  /insulin  signal¬ 
ing,  Foxol  binds  to  Runx2  and  inhibits  Runx2  DNA  binding  to  the  OSE2  sites 
of  the  Bglap2  promoter,  resulting  in  a  reduction  of  osteocalcin  (Ocn)  expres¬ 
sion.  In  the  presence  of  IGFI/insulin  signaling,  Foxol  is  phosphorylated  via 
the  PI3K/AKT  pathway  and  translocated  from  the  nucleus  to  the  cytoplasm 
where  it  binds  to  the  14-3-3  protein,  thus  eliminating  the  inhibition  of  Runx2. 
Runx2  serves  as  a  transcriptional  activator  that  binds  to  the  Bglap2  promoter 
and  increases  osteocalcin  expression,  which  favors  glucose  metabolism. 

and  characterized  (57).  This  phosphorylation  is  critical  for 
Runx2  activity  and  osteoblast  differentiation  as  well  as  bone 
formation  (57,  64).  Collectively,  these  studies  suggest  that 
IGFI/insulin  signaling  favors  Runx2  activity  and  Bglap2 
expression  via  at  least  three  distinct  molecular  mechanisms. 
Therefore,  our  findings  from  this  study  add  a  new  layer  to  the 
molecular  mechanisms  through  which  IGFl/insulun  signaling 
in  osteoblasts  modulates  glucose  homeostasis  as  well  as  bone 
metabolism. 

Based  on  the  findings  from  this  and  other  studies,  we  propose 
the  following  molecular  model  for  Foxol  modulation  of  osteo¬ 
calcin  expression  in  osteoblasts  and  the  effect  of  IGFI/insulin 
signaling  on  this  function  of  Foxol  (Fig.  8).  Binding  of  IGF1/ 
insulin  to  their  receptors,  which  are  expressed  in  osteoblasts 
(10,  11),  activates  the  PI3K/AKT  pathway,  which  phosphory- 
lates  and  translocates  Foxol  from  the  nucleus  to  the  cytoplasm, 
where  it  binds  to  14-3-3  chaperone  proteins  (65).  This  nuclear 
exclusion  prevents  Foxol  from  binding  to  and  inhibiting 
Runx2,  which  results  in  enhanced  Bglap2  expression.  In  the 
meantime,  insulin  and  probably  IGF1  down-regulate  the 
expression  of  Twist2  (10),  a  known  Runx2  suppressor,  and 
thereby  increase  Runx2  activity  (not  shown),  which  further  up- 
regulates  osteocalcin  expression.  Finally,  the  uncarboxylated 


form  of  osteocalcin,  via  the  circulation,  regulates  glucose  home¬ 
ostasis  (i.e.  insulin  secretion  and  production  and  sensitivity) 
(47).  It  should  be  noted  that  Foxol  can  also  bind  independently 
to  its  target  genes  (not  shown).  In  summary,  we,  for  the  first 
time  to  our  knowledge,  demonstrate  that  Foxol  is  a  novel  neg¬ 
ative  regulator  of  Runx2  and  mediates  IGFI/insulin  actions  in 
regulating  osteocalcin  expression  in  osteoblasts. 
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ATF4  Is  Required  for  the  Anabolic  Actions  of  PTH  on  Bone  in  vivo 

S.  Yu1,  M.  Luo1,  R.  T.  Franceschi2’ 3,  D.  Jiang2,  J.  Zhang1,  K.  Patrene1,  K.  Hankenson4, 
G.  D.  Roodman1,  G.  Xiao1.  'Division  of  Hematology/Oncology,  Department  of 
Medicine,  University  of  Pittsburgh,  Pittsburgh,  PA  15240,  department  of  Periodontics 
and  Oral  Medicine,  University  of  Michigan  School  of  Dentistry,  Ann  Arbor,  MI  48109, 
department  of  Biological  Chemistry,  University  of  Michigan  School  of  Medicine,  Ann 
Arbor,  MI  48109,  department  of  Animal  Biology,  School  of  Veterinary  Medicine, 
University  of  Pennsylvania,  Philadelphia,  PA  191 04-60 1 0, 

Parathyroid  hormone  (PTH)  is  a  potent  stimulator  of  bone  formation  and  a  proven 
anabolic  agent  for  the  treatment  of  osteoporosis.  However,  the  mechanism  whereby  PTH 
increases  bone  formation  remains  poorly  understood.  Activating  transcription  factor  4 
(ATF4)  is  a  critical  factor  for  bone  formation  during  development  and  throughout 
postnatal  life.  This  study  examined  if  ATF4  is  required  for  the  anabolic  actions  of  PTH 
on  bone  using  an  Atf4~'~  mouse  model.  Five-day-old  w t  and  Atf4~~  mice  were  given  daily 
subcutaneous  injections  of  vehicle  (saline)  or  hPTH(l-34)  (0.04  pg/g  body  weight)  for  28 
days.  In  wt  mice,  pCT  analyses  of  femurs  show  that  this  PTH  regimen  significantly 
increased  bone  volume/tissue  volume  (BV/TV,  4.3-fold),  trabecular  thickness  (Tb.Th, 
50%),  trabecualr  numbers  (Tb.N,  1.5-fold),  cortical  thickness  (Cort.Th,  77%),  and  cross 
sectional  area  (CSA,  24%)  and  decreased  trabecular  spacing  (Tb.Sp,  1.7-fold).  These 
PTH  effects  were  dramatically  reduced  or  completely  abolished  in  the  absence  of  ATF4. 
Histological  analyses  show  that  PTH  displayed  potent  anabolic  effects  on  tibiae, 
vertebrae,  and  calvariae,  which  were  significantly  reduced  in  Atf4~j~  mice.  At  the 
molecular  level,  PTH  markedly  increased  levels  of  osteocalcin  ( Ocn )  and  bone 
sialoprotein  (Bsp)  mRNA  of  long  bones  as  measured  by  quantitative  real-time  RT/PCR. 
This  increase  was  completely  abolished  in  the  absence  of  ATF4.  This  study  demonstrates 
that  ATF4  is  required  for  the  anabolic  actions  of  PTH  on  bone  in  vivo  and  also  suggested 
that  modulation  of  the  levels  and  activity  of  ATF4  may  have  therapeutic  significance  for 
the  treatment  of  metabolic  bone  diseases  such  as  osteoporosis. 
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TFIIA,  ATF4,  and  Runx2  Synergistically  Activate  Osteoblast-specific  Osteocalcin 
Gene  Expression 

S.  Yu1,  Y.  Jiang2,  M.  Luo1,  Y.  Lu1,  J.  Zhang1,  G.  D.  Roodman1,  G.  Xiao1,  1  Division  of 
Hematology/Oncology,  Department  of  Medicine,  University  of  Pittsburgh,  Pittsburgh,  PA 
15240,  department  of  Pharmacology,  University  of  Pittsburgh,  Pittsburgh,  PA  15240 

Runx2,  a  member  of  the  runt  homology  domain  family  of  transcription  factors,  is  a 
master  regulator  of  osteoblast  function  and  bone  formation.  Mice  lacking  Runx2  have  no 
mineralized  skeleton  due  to  a  complete  lack  of  mature  osteoblasts.  The  expression  level 
of  Runx2  protein  is  regulated  by  a  number  of  factors  including  BMPs,  FGF-2,  IGF-1, 
TNF  -a,  TGF-|3,  and  PTH,  all  of  which  play  important  roles  in  osteoblasts  and  bone  both 
in  vitro  and  in  vivo.  In  addition,  the  activity  of  Runx2  protein  is  positively  or  negatively 
modulated  through  protein-protein  interactions.  Activating  transcription  factor  4  (ATF4)  is 
an  osteoblast-enriched  factor  which  regulates  the  terminal  differentiation  and  function  of 
osteoblasts.  ATF4  knock-out  mice  have  reduced  bone  mass  and  bone  mineral  density 
(severe  osteoporosis)  throughout  their  life.  To  identify  proteins  interacting  with  Runx2, 
we  used  a  yeast  two-hybrid  system  and  identified  TFIIA,  a  general  transcriptional  factor, 
as  a  Runx2-interacting  factor.  While  pull-down  assays  confirmed  that  TFIIA  physically 
interacted  with  Runx2  when  both  factors  were  coexpressed  in  COS-7  cells,  surprisingly, 
it  did  not  activate  or  inhibit  Runx2-dependent  transcriptional  activity.  In  contrast,  TFIIA 
unexpectedly  activated  ATF4,  which  we  recently  identified  as  a  Runx2-interacting 
protein,  in  a  dose-dependent  manner.  Deletion  analysis  found  that  this  activation 
required  the  presence  of  the  C-terminal  15  amino  acid  residues  of  ATF4  molecule. 
Finally,  TFIIA,  ATF4,  and  Runx2  synergistically  stimulated  the  0.657-kb  mOG2  (mouse 
osteocalcin  gene  2)  promoter  activity  and  endogenous  osteocalcin  mRNA  expression.  In 
summary,  this  study  demonstrates  a  novel  mechanism  through  which  bone-specific 
transcription  factors  and  general  transcription  factors  cooperate  in  regulating  osteoblast- 
specific  gene  expression. 
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Role  of  ATF4  in  Osteoblast  Proliferation  and  Survival 

X.  Zhang1,3,  S.  Yu1,  D.L.  Galson,  M.  Luo1,  J.  Fan2,  J.  Zhang1,  G.  Guan3,  G.  Xiao1. 
Department  of  Medicine1,  and  Surgery2,  University  of  Pittsburgh,  Pittsburgh,  PA  15240, 
department  of  Physiology  and  Pathophysiology,  Peking  (Beijing)  University  Health  Science 
Center,  Beijing  100083,  China 

ATF4  (activating  transcription  factor  4)  is  essential  for  bone  formation.  However,  the 
mechanism  of  its  actions  in  bone  is  poorly  understood.  The  present  study  examined  the 
role  for  ATF4  in  the  regulation  of  proliferation  and  survival  of  primary  mouse  bone  marrow 
stromal  cells  (BMSCs)  and  osteoblasts.  Results  showed  that  Atf4~/~  cells  display  a  severe 
proliferative  defect  as  measured  by  multiple  cell  proliferation  assays.  Cell  cycle  progression 
of  Atf4'A  BMSCs  was  largely  delayed  with  a  significant  G1  arrest.  Expression  of  cyclins  A1, 
D1,  and  D3  was  dramatically  decreased  both  at  the  mRNA  and  protein  level.  A  similar 
proliferation  defect  was  observed  in  Atf4'A  calvarial  periosteal  osteoblasts  in  vivo.  Knocking 
down  Atf4  mRNA  by  small  interfering  RNA  in  MC3T3-E1  subclone  4  preosteoblasts 
markedly  reduced  expression  of  the  cyclins  and  cell  proliferation.  In  contrast, 
overexpression  of  ATF4  increased  cyclin  D1  expression  as  well  as  cell  proliferation.  In 
addition,  apoptosis  was  significantly  increased  in  cultured  Atf4'A  BMSCs  and  calvarial 
periosteal  osteoblasts  in  vivo  relative  to  wt  controls.  Taken  together,  this  study 
demonstrates  that  ATF4  is  a  critical  regulator  of  proliferation  and  survival  in  primary  BMSCs 
and  osteoblasts. 
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Activating  Transcription  Factor  4  Mediates  the  Anabolic  Actions  of  Parathyroid 
Hormone  in  Bone  S.  Yu1,  R.T.  Franceschi4,5,  M.  Luo1,  J.  Fan2,  D.  Jiang4,  H. 
Cao1,  Y.  Lai3,  J.  Zhang1,  K.  Patrene1,  K.  Hankenson6,  G.  D.  Roodman1,  G.  Xiao1. 
Department  of  Medicine1,  Surgery2,  and  Pharmacology  and  Chemical  Biology3, 
University  of  Pittsburgh,  Pittsburgh,  PA  15240;  department  of  Periodontics  and 
Oral  Medicine,  School  of  Dentistry,  department  of  Biological  Chemistry,  School 
of  Medicine,  University  of  Michigan,  Ann  Arbor,  Ml  48109;  department  of  Animal 
Biology,  School  of  Veterinary  Medicine,  University  of  Pennsylvania,  Philadelphia, 
PA  19104-6010. 

Parathyroid  hormone  (PTH)  is  a  potent  anabolic  agent  for  the  treatment  of 
osteoporosis.  However,  its  mechanism  of  action  in  osteoblast  and  bone  is  not 
completely  understood.  In  this  study,  we  show  that  the  anabolic  actions  of  PTH  in 
bone  are  severely  impaired  in  both  growing  and  adult  ovariectomized  mice 
lacking  bone-related  activating  transcription  factor  4  (ATF4).  Our  study 
demonstrates  that  inactivation  of  the  Atf4  gene  in  mice  i)  suppresses  PTH- 
stimulated  osteoblast  proliferation  and  survival;  and  ii)  abolishes  PTH-induced 
osteoblast  differentiation,  which,  together,  compromise  the  anabolic  response. 
We  further  demonstrate  that  intermittent  PTH  increases  osteoblast  differentiation 
in  vivo  at  least  in  part  through  an  ATF4-dependent  up-regulation  of  Osterix  (Osx). 
ATF4  stimulates  Osx  expression  by  activating  Osx  gene  transcription.  PTH 
activates  Osx  transcription  through  an  ATF4  responsive  element  in  the  proximal 
promoter.  ATF4  binds  to  an  endogenous  Osx  promoter  in  a  PTH-dependent 
manner.  Taken  together  these  experiments  establish  a  novel  role  for  ATF4  in 
the  regulation  of  the  anabolic  response  of  osteoblast  and  bone  to  PTH. 
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CRITICAL  ROLE  OF  ACTIVATING  TRANSCRIPTION  FACTOR  4  IN  PARATHYROID 
HORMONE-MEDIATED  BONE  FORMATION 

Guozhi  Xiao 

University  of  Pittsburgh  Medical  Center 

Background  and  Objectives:  Parathyroid  honnone  (PTH)  is  a  potent  stimulator  of  bone  fonnation  and  a 
proven  anabolic  agent  for  the  treatment  of  osteoporosis.  However,  the  mechanism  whereby  PTH  increases 
bone  formation  remains  poorly  understood.  The  objective  of  this  study  was  to  test  our  hypothesis  that 
activating  transcription  factor  4  (ATF4)  mediates  the  anabolic  response  of  skeleton  to  intennittent  PTH. 

Materials  and  Methods:  Five-day-old  wt  and  Atf4-/-  mice  were  given  daily  subcutaneous  injections  of 
vehicle  (saline)  or  hPTH(l-34)  (60  ng/g  body  weight)  for  28  days.  Mice  were  euthanized  24  hours  after 
the  last  injection.  The  effects  of  this  PTH-dosing  regimen  on  long  bones  (femurs  and  tibiae),  vertebrae, 
and  calvariae  were  determined  by  both  biochemical  and  histomorphometric  criteria. 

Results:  Quantitative  uCT  analysis  of  femurs  showed  that  Atf4-/-  mice  had  a  significant  reduction  in  bone 
volume/tissue  volume  (BV/TV),  trabecular  number  (Tb.N),  and  cortical  thickness  (Cort.Th)  and  a  marked 
increase  in  trabecular  space  (Tb.Sp)  compared  with  the  wt  or  Atf4+/-  littermates.  In  wt  femurs,  intennittent 
PTH  increased  BV/TV,  Tb.N,  and  trabecular  thickness  (Tb.Th)  by  4.4-fold,  1.7-fold,  and  50%, 
respectively,  and  decreased  Tb.Sp  by  1.5-fold.  PTH-stimulated  bone  formation  were  dramatically  reduced 
(BV/TV,  Tb.N,  Tb.Sp)  or  completely  abolished  (Cort.Th  and  Tb.Th)  in  Atf4-/-  mice  relative  to  wt  mice. 
Histological  analyses  show  that  PTH  displayed  potent  anabolic  effects  on  tibiae,  vertebrae,  and  calvariae, 
which  were  markedly  reduced  in  Atf4-/-  mice.  ATF4  deficiency  resulted  in  a  drastic  reduction  in 
osteoprogenitors  in  bone  marrow,  which  impairs  the  anabolic  response  of  skeleton  to  PTH.  This  is 
probably  related  to  the  ability  of  ATF4  to  promote  proliferation  of  osteoblasts/osteoprogenitors  as  well  as 
survival  of  osteoblasts  and  osteocytes,  two  critical  steps  for  intennittent  PTH  to  increase  bone  fonnation. 

In  addition,  ATF4  is  required  for  PTH  stimulation  of  osteoblast  differentiation. 

Conclusion  and  Impact:  This  study  demonstrates  that  ATF4  is  required  for  the  anabolic  actions  of  PTH 
in  bone  and  suggests  that  modulation  of  the  levels  and  activity  of  ATF4  may  have  therapeutic  significance 
for  the  treatment  of  metabolic  bone  diseases  such  as  osteoporosis. 

This  work  was  supported  by  the  U.S.  Army  Medical  Research  and  Materiel  Command  under  W81XWH-07-1-0160  and  by  a 
National  Institutes  of  Health  grant  DK072230. 
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Activating  Transcription  Factor  4  (ATF4)  has  a  critical  role  in  regulating  osteoblast  differentiation  and  bone 
formation.  However,  its  direct  role  in  osteoclasts  differentiation  has  not  been  addressed  yet.  In  order  to  define  the 
role  of  ATF4  in  osteoclasts,  we  deleted  ATF4  expression  in  mice  or  targeted  expression  of  ATF4  to  the 
osteoclast  lineage  using  the  tartrate -resistant  acid  phosphatase  (TRAP)  promoter.  Osteoclast  differentiation  was 
severely  impaired  in  primary  bone  marrow  monocyte  (BMM)  cultures  and  bones  from  Atf4-/-  mice.  Coculture  with 
wt  osteoblasts  or  a  high  concentration  of  receptor  activator  of  NF-kappaB  ligand  (RANKL)  failed  to  restore  the 
osteoclast  differentiation  defect  in  Atf4-/-  BMM  cultures.  Conversely,  Trap-ATF4-tg  mice  display  a  severe 
osteopenia  with  dramatically  increased  osteoclastogenesis  and  bone  resorption.  We  further  demonstrated  that 
ATF4  is  a  novel  upstream  activator  of  the  critical  transcription  factor  nuclear  factor  of  activated  T  cells  cl 
(NFATcl)  gene  and  is  critical  for  RANKL  activation  of  multiple  MAPK  pathways  in  osteoclast  precursors.  Further 
more,  ATF4  is  crucial  for  M-CSF  induction  of  receptor  activator  of  NF-kappaB  (RANK)  expression  on  BMMs,  and 
lack  of  ATF4  caused  a  shift  in  osteoclast  precursors  to  macrophages,  thereby  increasing  macrophages.  Finally, 
ATF4  is  largely  modulated  by  M-CSF  signaling  and  the  PI3K/AKT  pathways  in  BMMs.  These  results  for  the  first 
time  demonstrate  that  ATF4  plays  a  critical  direct  osteoclast-intrinsic  role  in  regulating  osteoclast  differentiation 
and  suggest  that  it  may  be  a  therapeutic  target  for  treating  bone  diseases  associated  with  increased  osteoclast 
activity. 
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In  this  study,  we  determined  the  molecular  mechanisms  whereby  forkhead  transcription  factor  Foxol ,  a  key 
downstream  signaling  molecule  of  insulin-like  growth  factor  1  (IGF1)/insulin  actions,  regulates  Runx2  activity  and 
expression  of  the  mouse  osteocalcin  gene  2  (Bglap2)  in  osteoblasts  in  vitro.  We  showed  that  Foxol  inhibited  Runx2- 
dependent  transcriptional  activity  and  osteocalcin  mRNA  expression  and  Bglap2  promoter  activity  in  MC-4 
preosteoblasts.  Co-immunoprecipitation  assay  showed  that  Foxol  physically  interacted  with  Runx2  via  its  C-terminal 
region  in  osteoblasts  or  when  coexpressed  in  COS-7  cells.  Electrophoretic  mobility  shift  assay  demonstrated  that 
Foxol  suppressed  Runx2  binding  to  its  cognate  site  within  the  Bglap2  promoter.  IGF1  and  insulin  prevented  Foxol 
from  inhibiting  Runx2  activity  by  promoting  Foxol  phosphorylation  and  nuclear  exclusion.  In  contrast,  a  neutralizing 
anti-IGFI  antibody  decreased  Runx2  activity  and  osteocalcin  expression  in  osteoblasts.  Chromatin  immunoprecipitation 
assay  revealed  that  IGF1  increased  Runx2  interaction  with  a  chromatin  fragment  of  the  proximal  Bglap2  promoter  in  a 
PI3K/AKTdependent  manner.  Conversely,  knockdown  of  Foxol  decreased  Runx2  interaction  with  the  promoter.  This 
study  establishes  that  Foxol  is  a  novel  negative  regulator  of  osteoblastspecific  transcription  factor  Runx2  and 
modulates  IGFI/insulin-dependent  regulation  of  osteocalcin  expression  in  osteoblasts. 
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